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In 2017, twelve Quality Protein Popcorn (QPP) inbred lines were developed and selected
as premier dent by popcorn crosses fit for hybridization and testing. These QPP inbred
lines were derived from specific Quality Protein dent Maize (QPM) by ConAgra
Brands® popcorn line crosses to produce high lysine, vitreous popcorn lines capable of
near-equal popping characteristics compared to the original popcorn parents. The QPP
hybridization project commenced in the summer of 2018 utilizing these 12 inbred QPP
lines and crossing them in a full diallel. Since then, the production of QPP hybrids has
employed a diverse set of selection factors evaluating agronomic, popping quality,
protein quality, and sensory traits. In 2021, six QPP hybrids were selected for continued
evaluation based on agronomic, protein, and popping characteristics, and two QPP
hybrids were ultimately selected based on the results from a sensory study.
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CHAPTER 1: LITERATURE REVIEW
1. Maize
To date, genetic and archeological data suggests Zea mays ssp. mays (hereafter referred
to as ‘maize’) was domesticated from its wild progenitor teosinte, Zea mays ssp.
parviglumis, in one event in the Balsas river valley of Mexico around 7000 B.C. (Lorant
et al., 2018) (Figure 1). Since this time, maize has diversified into two main
domesticated subspecies and a myriad of varieties adapted to a wide range of
environments and grown predominantly for food, fuel, and feed (Fang et al, 2019;
Tenaillon and Charcosset, 2011). Classification of maize varieties is traditionally based
on endosperm composition, appearance (vitreousness vs. opacity), and kernel
morphology, and commonly fall into dent (Zea mays ssp. indentata) or flint (Zea mays
ssp. indurata) subspecies, or specifically ‘field’ (dent), sweet, or popcorn (Zea mays ssp.
everta) classifications (Brown and Darrah, 1985; Sandhu et al., 2004).
Dent corn, as the name insinuates, characteristically forms a dent in the crown of the
kernel at harvest (~15.5% kernel moisture) due to unequal drying of the hard outer and
softer inner white starch (Ensminger et al., 1993). Due to less soft, white, starchy kernel
endosperm, popcorn varieties do not form a dent after drying and commonly have a
spherical and vitreous morphology. Though these different subspecies have intrinsic
characteristics that define their classifications, such as the morphology of dent maize and
popability of popcorn, peripheral positive and negative attributes of each subspecies
warrant additional description.
1.1 Dent Maize
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The earliest recorded experiments in dent maize breeding began more than two centuries
ago in the United States with the experimental hybridization of varieties separately traced
to Mexico and the eastern U.S. seaboard (Anderson and Brown, 1952). These
experimental, single cross hybrids (traced to memoirs written in 1813) were
providentially successful in producing distinctively long-eared, strong stalked, and high
yielding progeny (Bailey, 1814; Anderson and Brown, 1952). These results gave way to
multiple experimental maize crosses during the United States’ migration through the
Great Plains during the 19th century. In 1840, sold maize seed bags consisted of a
conglomerate population of more than 250 open-pollinated varieties (a number that
would quadruple by the end of the century; Mikel, 2008). These Corn Belt dent lines
would become progenitor lines to the first experimental dent double and single-cross
hybrid varieties produced in the United States between the 1930s and 1960s (Brown and
Darrah, 1985; Mikel, 2008).
Due to its widespread cultivation and amassed materials, it is of no surprise that dent
maize was one of the first model systems for genomic research. Genetic studies in dent
maize have been traced back to the 1900s, including two notable discoveries by Barbara
McClintock in 1931 (the realization of a physical exchange of genetic material during
genetic recombination) and 1950 (the discovery of transposable elements) and facilitated
one of the earliest mutant linkage studies published in 1935 (Emerson et al., 1935; Hake
and Ross-Ibarra, 2015; Creighton and McClintock, 1931; McClintock, 1950). This
particular linkage study was the first to specifically highlight maize mutant allele opaque2 (originally found in Connecticut in the 1920s) and its effect on kernel endosperm
vitreousness (Singleton and Jones, unpublished; Emerson et al., 1935; Vietmeyer, 2000).
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Though the genetic action of opaque-2 wasn’t fully realized until 1990, studies from
1964 onward realized this mutant’s capacity in rebalancing kernel endosperm proteins to
confer elevated lysine and tryptophan levels (Mertz et al., 1964, 1965, Schmidt et al,
1990). These findings served as the foundation for the Center of International Maize and
Wheat Improvement (CIMMYT) to embark on a multi-decade, humanitarian dent maize
breeding program aimed to better satisfy dietary requirements for communities in
developing countries (Vivek et al., 2008).
1.1.1

Quality Protein Maize

The opaque-2 allele is not isolated in its ability to foster elevated lysine and tryptophan
levels in the maize kernel. In fact, more than 10 maize alleles have been identified that
have various effects on kernel storage protein formation and confer an opaque endosperm
phenotype and/or elevated essential amino acids in the kernel (Wang et al., 2019).
However, opaque-2 was determined to be most suitable for genetic manipulation by
CIMMYT and other programs aimed at breeding high quality protein maize varieties
because of its simple, predictable recessive inheritance and comparatively low yield
reduction (Vivek et al., 2008; Wang et al., 2019).
During the inception of CIMMYT’s breeding scheme, it was understood that Opaque-2
was an α-zein (Zea mays proteins) prolamin regulatory gene. The mutant counterpart,
opaque-2, was hypothesized to manifest an opaque mutant phenotype due to the downregulation of zeins, disruption of storage protein production and/or protein body
formation, and subsequent increase in lysine and tryptophan (Bjarnason and Vasal, 1992).
Other breeding attempts found opaque-2’s pleotropic effects of low yields, higher pest/rot
susceptibility, slow dry-down, and soft, chalky endosperm (impractical for machine
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harvesting) unmanageable for realistic commercialization (Salamini et al, 1970; Dudley
and Moll, 1969; Bjarnason and Vasal, 1992). However, studies from the University of
Missouri in 1969 suggested variability in endosperm vitreousness/opacity in opaque-2
backgrounds, and such a discovery allowed space for plausible restoration of endosperm
hardiness without sacrificing amino acid biofortification (Paez et al., 1969; Prasanna et
al., 2001). Though funding and efforts in breeding opaque-2 biofortified dent maize
genotypes prematurely diminished after realizing the substantiality of its negative
agronomic impact, larger institutions such as CIMMYT continued to look for avenues to
dissuade these effects. Alongside the study published in 1969, CIMMYT researchers
identified variation in opaque-2 endosperm hardness in temperate and tropical maize
lines in the 1970s (Bjarnason and Vasal, 1992). With locations unknown, genes
involving the restoration of kernel endosperm vitreousness were termed ‘endosperm
modifiers’ while genes involving lysine and tryptophan levels (other than opaque-2) were
termed ‘amino acid modifiers’ and both were phenotypically selected (Vivek et al.,
2008). During its two-decade backcross-recurrent selection breeding program (further
details to follow), CIMMYT successfully produced numerous ‘Quality Protein Maize’
(QPM) inbred lines conferring high lysine and high tryptophan restored-vitreousness
endosperm, and hybrids were robustly tested and selected (600-1000 hybrids per year)
across the globe until the 2000s (Prasanna et al., 2001). Since this time, QPM cultivation
has become a staple in countries worldwide and serves as the primary food crop for many
maize-based communities (Yasabu, 2019) (Figure 2).
Though CIMMYT’s work was principally aimed at achieving QPM inbred line
production and bettering QPM hybrid quality, QPM inbred lines have been deposited at
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various germplasm and U.S. plant introduction stations for independent, original research
and QPM inbred registration (Worral et al., 2015). Research utilizing QPM cultivars has
ranged from evaluating degree of drought stress to antioxidant fermentation and porridge
acceptability testing (Oladeji et al., 2017; Chiuta and Mutengwa, 2018; Maseta et al.,
2016), and breeding programs aimed at conversion of normal maize lines into QPM
varieties have expanded outside of CIMMYT’s realm. However, these conversions
notably remained in the flint and dent subspecies pools apart from sweet or popcorn
classifications. In fact, to date there is no sweet corn conversion into QPM in literature,
and the first cross between QPM dent maize and popcorn was described in 2018 (Ren et
al., 2018). These breeding programs aimed at integrating the opaque-2 allele into
different subspecies and classifications of maize may well develop the next frontier for
QPM research.
1.2 Popcorn
Like dent maize, the history of popcorn begins in the New World as either a Native
American crop or consequential mutation from parched maize (prepared kernels for
storage) after early European colonization (Eldredge and Thomas, 1959). Unlike dent
maize, popcorn kernels do not change shape while drying, and popcorn kernels are
distinct from other subspecies due to this sphericity, as well as a nearly negligible soft,
opaque center and overall small kernel size. Cultivation of popcorn in the United States
was rare until the 1900s, and though the number of acres planted slowly rose throughout
the century, dent maize production and research continued to surpass the niche market of
popcorn. To date, 99% of U.S. acres planted to maize are dent maize varieties, while all
other specialty crops, including both popcorn and sweet corn, are planted on less than 1%
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(Nebraska Corn Board, 2019). Due to its relatively limited production, use, and revenue,
popcorn research and breeding has lagged behind field corn and is resultantly an
agronomically inferior crop. Moreover, due to an observable negative correlation
between agronomic traits that directly affect yield and popcorn quality traits such as
popping expansion volume and popability, bettering popcorn agronomics has proven to
be a difficult task.
1.2.1 Popcorn Breeding
In 1984, Robbins and Ashman undertook the first dent by popcorn breeding experiments
aimed at bettering popcorn agronomics, and since this time numerous other groups have
tried this method of popcorn improvement with limited success (Robbins and Ashman,
1984; Crumbaker et al., 1949; Johnson and Eldredge, 1953). A proof-of-concept study in
2018 successfully crossed popcorn varieties with QPM dent varieties, cultivars with their
own past set of agronomic challenges, in a backcross breeding program and fostered high
lysine, vitreous, pop-able Quality Protein Popcorn, or QPP, inbred lines (Ren et al.,
2018). These QPP inbred lines exhibited a biofortified endosperm akin to QPM, but the
kernels were phenotypically indistinct from the original popcorn parental lines. This
study was the first to demonstrate the restoration of popcorn quality traits after
hybridization to dent maize and offered an opportunity for hybrid generation within its
unique germplasm pool due to the production of twelve inbred lines.
1.2.2 Backcross-Recurrent Selection
Alike to QPM breeding, the successful crossing between dent and popcorn subspecies
required a detailed breeding program and strategy referred to as ‘backcross-recurrent’
selection. For introduction, almost all traditional breeding programs (or breeding
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programs that do not utilize genetic engineering) start with a female by male cross, the
progeny of which are called F1 (filial) seeds. Particularly in a backcross program, the
purpose of this cross is to integrate genetic material from the ‘donor’ parent (either male
or female) to the ‘recurrent’ parent. A simple example of this is the breeding of QPM, in
which the donor parent was opaque-2 germplasm and the recurrent parent was a more
agronomically robust cultivar. The purpose of these crosses was solely to integrate the
desired genetic material from the donor parent (the opaque-2 gene and possible
endosperm/amino acid modifiers). In any general backcross breeding program, at this
point these F1 seeds are grown and crossed back to the recurrent parent again.
Considering simple Mendelian genetics, the F1 seed and plant carry half of the maternal
and half of the paternal genetic material, and if it is self-pollinated, the F2 seed would
carry the same proportions. However, since the F1 is crossed back to the recurrent parent
for a ‘backcross’, or the production of a BC1 generation, the proportion of genetic
material becomes a ratio of 75:25 recurrent parent to donor parent. It is key to note
theoretically (in infinitely large population not under selection), if self-pollinated
generations occur between backcrosses, the proportion of genetic material from the donor
or recurrent parent will not change (though the percentage of homozygosity does
significantly change). However, if genetically selected, chosen lines are continued to
self-pollinate and selection occurs for multiple rounds, this random proportion of genetic
material will likely skew toward the recurrent parent if the amount of genetic material
desired from the donor parent is solely and specifically selected (i.e. forward, markerassisted selection) and the rest is purposefully eliminated (background selection). Since
selection procedures for different breeding programs are diverse, for this purpose we will
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assume a normal distribution of genetic material in the population and random selection
of the generations (albeit a theoretical and unrealistic assumption). Taking a BC1 as
75:25 recurrent to donor contribution of genetic material, a BC2 follows as 87.5:12.5, and
a BC3 as 93.75:6.25. For another perspective, theoretically, if randomly selected from the
beginning, roughly 6.25% of the BC3 generation would house the desired genetic material
from the donor parent and no more than 6.25% of the donor parent’s genetic material
would be available for further selection rendering a very inefficient system with limited
success.
In CIMMYT’s breeding program, backcrosses were made only after selection of
successful modification of the kernel endosperm, a selection requirement that would
sometimes take more than three self-pollinated generations (Vasal, 2002). For a brief
description of terminology, progeny from F1 seeds (and plants) that were self-pollinated
would be considered the F2 generation. Similarly, the harvested seed from a selfpollinated BC1 would be considered a BC1F2. If a BC1F2 was again self-pollinated, the
progeny would be called a BC1F3. If this BC1F3 population was crossed back to the
recurrent parent, it would be considered a BC2. The terminology for the progeny after a
backcross only depends on the level of backcrossing and not on the number of previous
self-pollinations. Though a backcross’ progeny’s title does not reflect the number of
‘self-ed’ generations, these generations are very important in changing the genetic
composition of the progeny if any selection measures are involved. Self-pollinating and
selecting superior progeny allowed for a skew of the contributed genetic material and
rapid and efficient breeding of QPM (Vasal, 2002). By integrating all components, selfpollination, selection, and backcrossing, Quality Protein Maize genotypes were
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efficiently produced that had a selected mixture of donor stock and opaque-2 germplasm
rendering agronomically sound, high quality protein, fully modified cultivars (Vasal,
2002). This backcross-recurrent selection method proved very useful in its ability to
select for holistically competitive QPM cultivars, and therefore a modified but similar
breeding scheme was used for the production of Quality Protein Popcorn inbred lines
(Figure 3). Final BC2F5 and BC3F4 QPP inbred lines were both produced and hybridized
to test in the summers of 2018, 2019, and 2020 (Ren et al., 2018; Parsons et al., 2020;
Parsons et al., 2021).
2. Methods of Selection
Though the primary aim of the QPP program was to increase lysine and tryptophan in the
QPP endosperm to biofortify popcorn while restoring and/or maintaining all necessary
popcorn quality traits, an important secondary goal was to improve agronomic traits of
the original parental popcorn lines and subsequent hybrids. After successful inbred line
production using an adapted backcross-recurrent selection method, QPP hybrids were
compared to original popcorn hybrids of the same underlying popcorn pedigree without
QPM germplasm introgression and multiple traits were evaluated to best gauge
agronomics, popcorn quality, and protein quality traits.
To select the best hybrids fit for competitive comparison to original popcorn hybrids,
QPP crosses underwent a four year breeding and selection program initially comprised of
132 hybrids and culminating in the selection of two hybrids fit for potential
commercialized production. Multiple methods were used to efficiently rank hybrids,
including a selection index, combining ability estimates, an observation of increasing
agronomic improvement with increasing parental genetic diversity, taste-testing, flake
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morphology assessment, and protein profiling (Parsons et al., 2020; Parsons et al., 2021).
These assessment methods will be further described in the following sections.
2.1 Heterosis
Maize hybrid experimentation was first introduced by Charles Darwin in 1858 after
observing a 25% increase in plant height in maize hybrids compared to open-pollinated
varieties (Darwin, 1858). This particular study drew interest from William Beal, a
professor from Michigan State College, who proceeded to experiment with the
hybridization of open-pollinated varieties and observed yield heterosis (Crabb, 1993).
However, maize heterosis through open-pollinated varieties was unpredictably influenced
by inbreeding and the varieties were difficult to market and mass produce. Inbreeding
depression, or the reduction of progeny fitness associated with reduced genetic diversity
by inbreeding (i.e. self-pollination), occurred too frequently in open-pollination.
Realizing this variability, George Harrison Shull and Edward Murray East independently
discovered the utility and predictability of the ‘inbred-hybrid method’ in 1908 by
producing homozygous maize lines before intentional crossing for observed hybrid vigor
(Duvick, 2001). Though both scientists arguably deserve shared credit with the
discovery, a dramatic sideline involving undulated dynamics between Shull and East
made for a recognition exchange during and after the discovery. Throughout the early
1900s, East campaigned and gained a majority of credit for the discovery of ‘heterosis’,
though it was Shull who coined the term. However, the spotlight quickly turned after
East’s early passing in 1938 before maize hybrids hit production and Shull gained a
majority of recognition after national maize hybrid success (Crabb, 1993).
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At its onset, the ‘inbred-hybrid’ method had its complications. Inbred lines produced by
both East and Shull were severely inbred depressed and unprofitable for F1 seed
production. However, a graduate student under East, Donald Jones, creatively identified
the utility of the double-cross method in 1918 to both profitably yield F1 seed for planting
and high F2 yields for producers (Jones, 1918) (Figure 4). Though the progeny from F1
parents did not produce as optimally as progeny from F8 inbred lines, the cost of doublecross hybrid seed was manageable for farmers and the yield high enough to make this
system the running model of the time (especially considering the political and economic
climate of 1918). This ‘double-cross method’ seemed to sustain farmers while
researchers in the public and private sector pushed inbred breeding experimentation
forward in a very similar manner to modern inbred generation and selection.
The first mention of a diallel system in maize, or the crossing of multiple inbreds together
in a reciprocal fashion, is found in 1942 by Sprague and Tatum (Sprague and Tatum,
1942). This pivotal paper described two main concepts that have been since utilized in
maize breeding: the diallel system and genetic combining abilities. Since the genetic
explanation for hybrid vigor still remains elusive, the experimental diallel to test best
hybrid combinations remains the most informative methodology for testing heterosis
(Duvik, 2001; Birchler et al., 2010; White et al., 2020). Akin to the methodology,
statistical analysis of the diallel structure is predominantly conducted using Griffing’s
diallel models described in 1956 (Griffing, 1956). Though many different theories since
the 1950s have emerged postulating the underlying genetic explanation of hybrid vigor
and determination of heterotic pools, the tangible principles and methodology of maize
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inbred generation and hybrid production and testing have arguably remained static for
almost a century (Birchler et al., 2010).
Indeed, contributions from East, Shull, and Jones from 1908-1911 effectively describe
the running explanation of heterosis: “This [heterotic] stimulation has been shown to be
correlated more or less closely with the degree of heterozygosity,” (Jones, 1917). Along
this vein breeders soon formed heterotic groups with differing levels of heterozygosity,
leading the way for the delineation of maize heterotic groups (or pools) by genetic
diversity for best predicted heterotic capacity (Adams and Shank, 1959; Moll et al., 1965;
Reif et al., 2005; Springer and Stupar, 2007). This overarching idea that progeny
heterosis is generally negatively correlative to the degree of parental genetic relatedness
was both an opportunity for observation and a useful method during Quality Protein
Popcorn hybrid assessment and selection.
2.2 Genetic Combining Abilities
Sprague and Tatum first defined the terms ‘general’ and ‘specific combining abilities’ in
1942 to describe the average and specific performances of a line in general or specific
crosses, respectively (Sprague and Tatum, 1942). When crossing in a full diallel system,
the general combining ability (GCA) reflected relative trait performance values of a line
in hybrid combination with all other lines within the diallel, while the specific combining
ability of a particular cross represented the unexplainable increase or decrease in trait
value after measuring GCAs of the parents.
An illustration of these concepts for further explanation may be profitable. For example,
in a diallel system of seven maize inbreds labeled ‘A’ through ‘G’, maize parental inbred
line ‘A’ measured an average 19 cm ear length across all of its hybrid combinations and
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parental inbred line ‘B’ averaged 17 cm ear length across all hybrid combinations. If an
average ear length of 18 cm was measured across all possibly hybrid combinations
between inbreds ‘A’ through ‘G’ (i.e. the overall mean of the population), inbred ‘A’
would have a +1 cm GCA for ear length and inbred ‘B’ would have a -1 cm GCA. Given
these GCAs, the cross between inbreds ‘A’ and ‘B’ would theoretically foster progeny
with an average 18 cm ear length. If so, the specific combining ability for the ‘A’ x ‘B’
cross would be 0 cm. However, if that cross sustainably rendered 20 cm long ears, the
SCA for the ‘A’ x ‘B’ cross would equal +2 cm.
The potential utilization for these trait combining abilities was quickly realized by the
maize breeding community after Sprague and Tatum published their piece, and a pipeline
for efficient statistical analysis for measurement and significance determination of these
combining abilities was published by Griffing in 1956 specific to full diallel systems, the
design used by Sprague and Tatum (Sprague and Tatum, 1942; Griffing, 1956). Between
1956 and the 1980s, a majority of published maize diallel systems followed the field
design required for Griffing’s analysis. However, one major limitation to this model was
the inability to test an unequal number of designated male and female inbred lines, or in
more statistical terms, ‘non-orthogonal data’. The advanced statistical proficiency
required to manipulate these types of datasets began emerging in the 1980s with the
development of the ‘REML’ (restricted maximum likelihood) program. The REML
software was capable of manipulating non-orthogonal datasets to ultimately calculate
unbiased GCA and SCA values (Robinson et al., 1982). This initial software served as
the foundation for statisticians to build, alter, and advance theoretical and computational
proficiency for estimating genetic effects. Out of these emerging statisticians was a man
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named Arthur Gilmore, a brilliant Australian scholar, who would soon produce perhaps
the most well-known program utilized to estimate genetic variances called ‘ASREML’.
(Gilmore, 1996). This particular program, made available in 1996, utilized similar
manipulation processes as REML but in a more straightforward approach, and the
program has arguably become the current standard for computing genetic effects in both
plant and animal breeding (AAABG, 2013).
GCA and SCA estimates were utilized for the selection of elite Quality Protein Popcorn
hybrids in and after the summer of 2019. Genetic estimates were calculated for more
than ten traits and 44 hybrids from 12 paternal and four maternal inbred lines. The
ASREML program allowed for the non-orthologous dataset of this partial diallel and
general and specific combining ability estimates, standard errors, heritabilities, and
genetic repeatability values for multiple traits were calculated through this program and
served as descriptive tools for ultimate selection (Parsons et al., 2020).
2.3 Popcorn Quality Trait Assessment
Popcorn quality trait evaluation and testing began in the United States more than a
century ago. The earliest available record of popcorn quality trait investigation may be
found in Sturtevant’s 1894 bulletin piece, ‘Notes on Maize’ in which he describes a
hypothetical process and explanation of popping (Sturtevant, 1894). In the decades that
followed, multiple scientists wrote pieces further postulating the explanation for the
starch-moisture interaction in the popcorn endosperm with applied heat (Kraemer, 1903;
Wilbert, 1903; Lyerly, 1942; Carr and Ripley, 1920).
2.3.1 Expansion Volume

15
This introductory exploration of popcorn quality traits understandably transitioned into
the analysis of expansion volume and popping characteristics by F.C. Stewart in 1923, in
which he wrote the first record of an articulated methodology for popcorn expansion
volume, stabilizing heat, and determining the moisture content in the popcorn
immediately prior to popping (Stewart, 1923) (Figure 5). F. Constance Stewart would go
on to publish another piece in 1936 to describe the viability of popping in relation to age
and other parameters utilizing his previously published methods (Stewart, 1936). Though
expansion volume as typically measured today in a volume per weight unit differed
slightly from Stewart, his notion of quantitatively describing quality popcorn traits laid
the foundation for further studies that developed popability, flake morphology, and
expansion volume measurements. Stewart’s method of a volume per volume expansion
measurement was prevalently used until breeders shifted to a volume per gram unit
measurement somewhere between 1985 and 1990. Though Stephen Dofing’s pair of
expansion volume papers describing this new way of measurement in 1990 and 1991 is
predominantly cited in current literature, the equation can actually be found in a lesser
known paper a few years prior (Lin and Anantheswaran, 1988; Dofing et al., 1990 and
1991). It is very plausible that Dofing utilized a measurement first conceptualized by his
colleagues Lin and Ananthwaran in 1988, as all three scientists were from the University
of Nebraska-Lincoln a year prior. However, immediately before the 1988 paper, both Lin
and Ananthwaran moved to Pennsylvania State University. Intentional or not, Dofing’s
lack of reference to his former colleagues’ methodology landed him with the current
reference standard for popcorn expansion volume methodology (Sweley et al., 2012).

16
It is understandable that expansion volume became one of the first quality traits of
popcorn to be studied due to its defining immediacy to ‘popcorn’ varieties, but other
traits such as popability, hull dispersion, flake morphology, kernel size, color and
morphology, and flake texture and flavor were explored throughout 1943-1993 (Eldredge
and Lyerly, 1943; Grogan et al., 1958; Eldredge and Thomas, 1959; Hoseney et al.,
1983; Matz, 1984; Lin and Anantheswaran, 1988; Mohamed et al., 1993; Ziegler, 2001;
Quinn et al., 2005; Sweley et al., 2013). These trait measurements will be described in
turn beginning with popability and hull dispersion, traits closely linked to expansion
volume in regard to methodology.
2.3.2 Popability
Popability measurements are evaluated as a percentage of fully popped kernels after an
attempt to pop a defined number of kernels (Song et al., 1991). Alike to expansion
volume, popability is influenced by multiple factors including genetics, environmental
conditions, moisture content endosperm vitreousness, and a disproportionate lack of heat
during popping (Eldredge and Lyerly, 1943; Hoseney et al., 1983). Interestingly, a study
in 2012 found no correlation between unpopped kernel physiochemical parameters and
unpopped kernels - results instead suggesting that unpopped kernels may be an artifact of
a disproportionate lack of heat and/or inadvertent shielding during the popping process
(Sweley et al., 2012). Nevertheless, a measure of unpopped kernels has become a
standard and important trait to evaluate for overall popcorn quality, though ironically this
type of measurement was considered useless and arbitrary during the first fruits of
popcorn experimentation (Stewart, 1923; Ozturk et al., 2020).
2.3.3 Hull Dispersion
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Hull dispersion is a majorly qualitative trait assessed after popping. More dispersion of
the outer pericarp (used interchangeably with ‘hull’), or unattachment from popped
flakes, has been noted as desirable to consumers since 1943 (Eldredge and Lyerly, 1943).
This trait is best assessed after popping by evaluating the brown ‘shell’ left remaining on
the popped flake. Relatively, the more connective hull marks a lower hull dispersion
score (Zeigler, 2001; Sweley et al., 2013). Flake morphology has been identified as an
interactor with hull dispersion; butterfly flakes tend to have more effective hull dispersion
while mushroom morphologies tend to retain hulls after popping (Eldredge and Thomas,
1959; Watson, 1988; Sweley et al., 2011). Though consumer satisfaction has been
clearly correlative to more effective hull dispersion, popped, coated popcorn products
require predominantly mushroom morphology due to better hardiness and resistance to
breakage during coating and packaging (Eldredge and Thomas, 1959; Matz, 1984,
Sweley et al., 2011 and 2013).
2.3.4 Flake Morphology
Popcorn flakes were first categorized into ‘butterfly’, ‘intermediate’, and ‘mushroom’ in
1959 by Eldredge and Thomas. ‘Butterfly’ flakes were considered irregular protrusions
that were branched or pronged, ‘mushroom’ popcorns simply popped into a symmetrical,
spherical shape, and intermediate flakes were termed what is currently considered in
literature ‘unilateral’ (Eldredge and Thomas, 1959; Sweley et al., 2011 and 2012).
Sweley et al. from the University of Nebraska-Lincoln proposed a more specific,
quantitative and categorical system for terming flake morphology in 2011, parsing out the
‘butterfly’ morphology into ‘unilateral’ (previously termed ‘intermediate’), ‘bilateral’
(previously ‘butterfly’), and ‘multilateral’, while maintaining the ‘mushroom’
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morphology described in 1959 (Sweley et al., 2011) (Figure 6). Recent publications
suggest that these four categories are emerging as the new popcorn classifications for
flake morphologies (Sweley et al., 2014; Ranathunga et al., 2016; García-Pinilla et al.,
2019; Parsons et al., 2020).
2.3.5 Kernel Size
Popcorn kernel size was attributed as a significant influence to expansion volume as early
as 1927 and was considered a continuous trait until 1943 when size was given three basic
classifications (Willier and Brunson, 1927; Eldredge and Lyerly, 1943). Eldredge and
Lyerly described multiple varieties of popcorn in their 1943 ‘Popcorn in Iowa’ bulletin as
producing ‘small’, ‘medium’, and ‘large’ kernels and relating, though not correlating,
these sizes to other popcorn quality traits such as hull dispersion, expansion volume, and
flake texture (Eldredge and Lyerly, 1943). Though these categories were relative,
popcorn seed producers soon followed a grading labeling system detailing the length of
the kernels sold. Grades 11-17 corresponded sequentially to 11/64 to 17/64 of an inch in
kernel length, and popcorn or sorghum planter plates were recommended for accurate
planting populations (Eldredge and Thomas, 1959). This grading system reasonably
produced the current sieving method of determining kernel size, with kernels passing
between 4.36-4.76 mm (categorized as ‘small’), 4.76-5.16 mm, 5.16-5.56 mm, 5.56-5.95
mm (categorized as ‘medium’), and greater than 5.95 mm round hole sieves (categorized
as ‘large’) as to correlate to 11/64 through 15/64 of an inch (Lin and Anantheswaran,
1988; Song et al., 1991; Ceylan and Karababa, 2001). Willier and Brunson’s 1927 study
also introduced a secondary means of counting kernels by weight and allotting kernels
into these three main categories (Willier and Brunson, 1927). The current measure used
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is a 10 gram sample composed of 52-67 ‘large’ kernels, 68-75 ‘medium’ kernels, or 76105 ‘small’ kernels (Ziegler et al., 1984; Matz, 1984; Sweley et al., 2013). Both means
of considering kernel size are found in literature, though counting kernels per 10 grams is
perhaps more frequent in recent publications.
2.3.6 Kernel Color
Though there are many popcorn varieties that hold vivid coloration in the aleurone or
pericarp, there are only two main types of popped kernel color (or flake color): white and
yellow (Eldredge and Thomas, 1959; Park and Maga, 2000). Red, purple, blue, and black
colorations are found in the pericarp or aleurone, and though possibly appealing in kernel
appearance, these darker shells were found to give the popped white flakes an
unattractive, shady appearance and are uncommonly marketed (Eldredge and Lyerly,
1943) (Figure 7). A study in 2000 statistically validated a suggestion in 1959 that yellow
popcorn ranked higher than white popcorn in both color and aroma appeal to a tasting
panel despite the white endosperm’s association with tenderness and more effective hull
dispersion (Eldredge and Thomas, 1959; Park and Maga, 2000). Despite skepticism for
vivid coloration in the kernel, some specialty breeding programs can be sometimes found
in literature. For example, a 2012 breeding program crossed commercial yellow popcorn
with a vivid purple line overexpressing anthocyanin in the pericarp to produce a high
anthocyanin, purple-kernel product (Lago et al., 2012). Likely due to the use of a yellow
recurrent parent, anthocyanin levels in the purple popcorn popped flakes were
significantly higher than the yellow control (thanks to traditionally less hull/pericarp
dispersion where the anthocyanin was housed) while maintaining equal consumer
preference to the original yellow (Lago et al., 2012). Overall, though multiple small-
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scale breeding programs market colored seed, major popcorn producing companies
currently rely on white and yellow endosperms, pericarps, and aleurones for
commercialization (Sweley et al., 2013).
2.3.7 Kernel Morphology
Early popcorn studies linking kernel size to expansion volume started considering
different variables composed of ‘kernel size’, such as breadth, length, sphericity and
thickness (Willier and Brunson, 1927; Lyerly, 1942; Haugh et al., 1976; Lin and
Anantheswaran, 1988; Pordesimo et al., 1990; Mohamed et al., 1993). These studies
concluded that small, ‘horny’, vitreous kernels produced the largest flakes, and three
classes of popcorn morphologies emerged around the 1940s: rice-shape, pearl-shape, and
Japanese Hulless (Eldredge and Lyerly, 1943). The Japanese Hulless subcategory was
slowly phased out throughout the 1950s, possibly due to its irregularly short and thick
cob, indiscriminate kernel rows, low yields, and intermixing morphology pools, and the
two predominant kernel morphologies of rice-shape and pearl-shape have since been
produced (Lyerly, 1942; Grogan et al., 1958; Eldredge and Thomas, 1959; Ziegler et al.,
1985; Carter et al., 1989; Ceylan and Karababa, 2001) (Figure 8). The rice types of
kernels are rounded, long and slender, and have a sharp point at the kernel tip, while the
pearl morphologies are characterized by short and thick kernels rounded at the top of the
kernel (Eldredge and Thomas, 1959). Pearl types were known to have characteristically
higher yields and larger expansion volume and are the most abundant types of
commercialized popcorn products to date, though varieties with blended morphologies
are also possible (Grogan et al., 1958; Eldredge and Thomas, 1959; Ziegler, 2001;
Sweley et al., 2013).
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2.3.8 Flake Texture
Popcorn has been enjoyed as a pastime snack in the United States for well over a century.
The 1912 ‘The Book of Parties and Pastimes’ devoted an entire chapter to ‘popcorn
parties’, describing games in which men and women would race to shell, pop, and eat an
ear of popcorn, while the cookbook ‘Foods that Will Win the War: And How to Cook
Them’ timely published in 1918 describes multiple recipes utilizing popcorn as a flour or
popped complement to apples (Dawson and Telford, 1912; Goudiss and Goudiss, 1918).
Popcorn breeding and utilization were ramping up in the United States through the early
1900s, yet the qualitative and/or quantitative evaluations of flake texture or flavor were
not deeply considered until the 1940s. Only one reference before this time can be found
in a short 1921 paper observing the texture of the popcorn kernel endosperm in relation to
popcorn expansion volume (Weatherwax, 1921). Alike to many other popcorn quality
traits, the first publicized mention of popcorn flake texture is found in Lyerly and
Eldredge’s pieces in 1942 and 1943 in which they note certain popcorn varieties having a
course-texture in the popped flakes (Lyerly, 1942; Eldredge and Lyerly, 1943). Flake
texture started to become more frequently cited in literature around the 1980s and became
one of the top four (after price, flavor, and appearance) important consumer quality traits
and one of the top two that derived from the popcorn variety itself. Understandably,
popcorn texture and hull dispersion are closely related as less hull dispersion lends itself
to a less desirous course texture, and therefore flake morphology (butterfly vs. mushroom
in this case) also is a significant variable in flake texture (Matz, 1984). Flake texture has
slowly become a more specific and quantitative measurement over the past decades.
‘Tenderness’ and ‘crispness’ were first descriptors of flake consistency, then later a high
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quality ‘texture’ was defined further as crisp then soft as opposed to chewy and adhesive
(Song et al, 1991; Zeigler, 2001; Sweley et al., 2013). Park and Maga described the first
study attempting to quantify popcorn texture with sensory and instrumental methods and
relating it to panel rankings of ‘crispiness’ and ‘tenderness’ but found insignificant
differences in texture between flake morphologies and kernel color, results in
disagreement with previous notions (Eldredge and Thomas, 1959; Park and Maga, 2000).
However, Sweley et al. delved further into the evaluation of texture in relation to flake
type and found that unilateral flake morphologies were significantly higher in taste panel
satisfaction in regard to overall flavor, butter flavor, saltiness, texture density, crispness,
and crunchiness compared to both bilateral and multilateral flake morphologies (Sweley
et al., 2011).
Though popcorn flake texture and flavor are arguably subjective and/or qualitative,
breeders and food scientists have determined to identify ways in which to scale these
important factors. Moreover, although conflicting results are found in literature, the
common conception for ideal popcorn texture involves the lack of hull attachment after
popping, a butterfly flake morphology (ideally unilateral), and a crisp flake that turns soft
rather than adhesive.
2.3.9 Flake Flavor
Like popcorn flake texture, flake flavor analysis has become more defined over the
century. Until the 1970s, popcorn ‘flavor’ was considered alongside expansion volume
as the two most important consumer-driven traits (Willier, 1927). This concise definition
for favored popcorn varieties was expanded in 1943 to include other quality and
agronomic traits, but popcorn ‘flavor’ was considered with premier importance despite its

23
unclear description of ‘good’ and ‘distinctive’ (Eldredge and Lyerly, 1943; Brunson and
Smith, 1944). Moreover, these ‘important’ sensory traits were also ill-defined in
breeding programs, and without clear selection techniques popcorn taste and flavor
seemed to take a backseat to other selectable, albeit less consumer-driven, quality traits in
popcorn breeding efforts for the better half of the 20th century. However, a group in 1970
utilized innovative analytical chemistry technology, gas chromatography coupled to mass
spectrometry (GC-MS), to identify the volatiles characteristic of popcorn (Walradt et al.,
1970). Overall the group characterized 58 different compounds, 23 of which could be
attributed to popcorn’s characteristic smell and flavor. Pyrazines, furans, pyrroles,
carbonyls, and decorated phenols were listed as the primary aromatic compounds
comprising popcorn (Walradt et al., 1970). Buttery et al. identified more distinctive
compounds in 1997 through different sample preparations for GC-MS, and these results
were combined in holistic studies analyzing consumer preferences and compound relative
concentration by Sweley et al. and flake morphology and kernel color by Park and Maga
and Ceylan and Karababa (Schieberle, 1991; Buttery et al., 1997; Park and Maga, 2000;
Ceylan and Karababa, 2001; Sweley et al., 2011). The overall results from these studies
seem to concur that enhanced popcorn flavor is majorly attributed to pyrazine compounds
which may be correlated to a unilateral flake morphology and/or yellow rice and pearl
shaped kernels – traits amiable toward selection.
A description of popcorn flavor would be incomplete without preliminarily realizing that
most popcorn flavors commercially sold stem from artificial coatings, butter, oil, and salt
mixed in microwave bags and ready-to-eat popcorn (Matz, 1984; Ziegler et al., 1985;
Carter et al., 1989). In fact, Matz’s book ‘Snack Food Technology’ described popcorn
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flavor as relatively unimportant since freshly popped popcorn aroma and taste soon
dissipate leaving the producer a bland baseline to improve with additives (Matz, 1984).
Nevertheless, breeders and researchers have found continued interest in identifying the
aromatic compounds associated with popcorn’s unique aroma and flavor for competitive
sales of uncoated and coated popcorn kernels alike, and experimentation has taken
successful strides in identifying these molecules.
2.3.10 Popcorn Quality Traits Evaluated for QPP Hybrid Selection
The final twelve BC2F5 Quality Protein Popcorn inbred lines were selected in 2017 and
hybrids were produced in a full diallel with separate reciprocals in 2018. Qualitative
observations on maternal capabilities such as standability, ear length and overall seed set
were considered and 44 hybrids out of 132 were selected for further analysis. During the
2019 field season, expansion volume, popability, color, and flake morphology were
quantitatively/qualitatively analyzed and five QPP hybrids were selected for continued
analysis. During the 2020 field season, popcorn quality traits expansion volume,
popability, color, flake morphology, hull dispersion, taste, texture, smell, appearance, and
overall likability were considered alongside agronomic traits for final selection of best
QPP hybrids.
2.4 Protein Profiling
2.4.1 Brief history of the opaque-2 mutant and the production of Quality Protein
Maize hybrids
As previously mentioned, the opaque endosperm-2 mutant was first discovered in the
1920s and publicly characterized in 1935 as a mutant on Chromosome 7 conferring a
chalky, soft starch endosperm (Singleton and Jones, unpublished; Emerson et al., 1935).

25
This mutant was of little interest until the 1960s when Purdue University chemist Edwin
Mertz and corn geneticist Oliver Nelson observed higher levels of essential amino acids
lysine and tryptophan in opaque-2 mutant kernels (Mertz et al., 1964). Oliver Nelson’s
background knowledge in zeins and high-protein, high vitreous maize breeding and
Edwin Mertz’s biochemical understanding of zein and non-zein amino acid constituents
cumulatively led the team’s decision to pursue opaque phenotypes for high-lysine
protein. Mertz hypothesized that less zein formation, a notion considered by Nelson as
interchangeable with less endosperm vitreousness, would foster elevated levels of nonzein proteins, and therefore higher lysine. Together these researchers mined through
multiple opaque phenotypes, and two mutants, floury-2 and opaque-2, showed this
predicted effect (Mertz et al., 1964; Nelson et al., 1965; Crow and Kermicle, 2002;
Larkins, 2019).
Predominantly due to opaque-2’s superior lysine increase compared to floury-2 (though
publishing order no doubt aided o2 research momentum), o2 became the premier
biofortifying maize mutant for food quality researchers and maize breeders. Rats, swine,
and other monogastric animals showed significant average daily gain increases when fed
o2 vs conventional maize diets (as high as 5-fold improvements; Figure 9), and human
trials showed promising effects both in child stature and response to kwashiorkor, a
protein deficiency disease found in children in developing countries (Mertz et al., 1965;
Cromwell et al., 1967; Gipp and Cline, 1972; Crow and Kermicle, 2002).
The utilization of this mutant for larger-scale experiments and breeding became difficult,
however, due to the same phenotype that initially drew researcher interest. Opaque-2
mutant maize lines were unmanageably susceptible to pest and diseases, soft, and low
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yielding. Moreover, combine harvesting and milling was difficult as the kernels broke
easily. Papers published between the 1970s and 80s were mixed; some researchers wrote
with optimism noting phenotypic variability and a future genetic respite from the chalky
kernel with improved breeding, while others deemed the opaque-2 cause fruitless
(Lambert et al., 1969; Salamini et al., 1970; Denić, 1983; Crow and Kermicle, 2002;
Tandzi et al., 2017). Despite scant optimism, out of all major companies in the United
States only Crow’s Hybrid Corn Company in Illinois continued breeding after the 70s for
the o2 mutation (Crow and Kermicle, 2002). Other than Crow’s company, only two
other breeding programs at the University of Natal in South Africa and The International
Maize and Wheat Improvement Center (CIMMYT) in Mexico continued breeding the
opaque-2 mutation with the hope of fostering effective high-lysine maize lines (Prasanna
et al., 2001).
Ultimately, the breeding program at CIMMYT had premier success for multiple reasons.
CIMMYT’s robust Quality Protein Maize (QPM) breeding team included breeders,
pathologists, entomologists, and biochemists concurrently selecting for vitreous,
agronomically sound, high lysine lines, involved laboratory support for rapid biochemical
and genetic marker services, and was composed of a single, dynamic, multi-faceted
breeding strategy that adjusted as researchers discovered better breeding options (Vasal,
1999; Prasanna et al., 2001). Multiple opaque-2 conversion programs (or the
introgression of opaque-2 into wild-type backgrounds) noted kernel vitreousness
variation in opaque-2 germplasm; however, these kernels were predominantly shrugged
off and discarded as somehow wild-type or anomalous (Vasal, 1999). The notion of
opaque-2 ‘modifier genes’ able to partially restore endosperm vitreousness was first

27
introduced in a 1969 paper from the University of Missouri, and the segregation of
kernels via vitreousness commenced as a premier selection technique for restoring kernel
hardness (Paez et al., 1969; Vasal, 1999; Figure 10). In 1974, CIMMYT revised their
breeding program strategy to begin targeting the introgression of unknown genetic
modifiers through phenotypic selection of vitreousness (Vasal et al., 1982).
The program’s overarching strategy for the production of QPM cultivars was two-fold:
first, developing QPM versions through conversion of ‘normal’, or wild-type endosperm,
maize lines into opaque-2 carrying lines with vitreous endosperm and second, developing
hard endosperm QPM gene pools. The first aim of producing QPM entailed a backcrossrecurrent breeding program involving an o2 donor to a ‘normal’ parent with recurrent
selection of the BC1 generation (as previously described). In his summary of CIMMYT’s
QPM breeding program, S.K. Vasal (a seasoned QPM breeder for CIMMYT) denoted
that sometimes four or more self-pollinated recurrent selection generations were required
to foster suitable vitreousness before an additional backcross to the recurrent parent could
be made. This type of breeding facilitated the use of improved, or more vitreous,
recurrent parents in each backcross and noticeable progress after each crossing.
Modification and protein quality were tested after each backcross to ensure maintenance.
This novel selection scheme became known as ‘modified backcross cum recurrent
selection’ and was very successful in producing some of the first CIMMYT QPM
breeding lines (Vasal et al., 1980; Vasal, 1999; Babu and Prasanna, 2013).
Sixteen years after Paez. et al. suggested the concept o2 modifier genes and more than
two decades after CIMMYT began breeding with o2 germplasm, the QPM hybrid
initiative at CIMMYT finally commenced in 1985 (Vasal, 1999). Logically for any
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breeding program, CIMMYT prioritized the crossing of their QPM stocks to test and
select optimal gene pools for hybrids with quality protein and agronomics, and testing
was robust. More than 20 gene pool hybrid combinations were tested in 2-15 locations
by 1993, and by 2003, more than 18 developing countries were beginning realistic trials
for cultivating QPM hybrids (Vasal, 1986; Beck et al., 1990; Beck et al., 1991; Vasal et
al., 1991; Vasal et al., 1992a and 1992b; Bjarnason and Vasal, 1992; Pixley and
Bjarnason, 1993; Vasal, 1999; CIMMYT, 2000; Babu and Prasanna, 2013).
2.4.2 Genetic Action and Protein Profile of Opaque-2
The opaque-2 mutation was rigorously introgressed into breeding programs after its
potential for maize endosperm biofortification was realized in 1964. Though Mertz,
Bates, and Nelson identified opaque-2 as the sole cause for zein reduction when the
mutant was first described, its ability to cause the resultant proteomic rebalancing
remained undetermined until 1990 (Mertz et al., 1964). No doubt in part due to advances
in genetic technologies, such as cDNA cloning and sequencing, southern blots, and
fusion protein production, Schmidt et al. first hypothesized opaque-2’s function as a
regulatory protein directly interacting with zein transcription in 1990, and he would later
prove himself correct in 1992 (Schmidt et al., 1990; Schmidt et al., 1992). The 1992
paper clearly identified opaque-2 as a leucine zipper transcriptional activator for,
specifically, the 22-kD α-zein genes.
Concurrent with Schmidt’s studies, researchers at Purdue University and the University
of Arizona were actively pursuing a different approach for observing o2’s proteomic
consequences. Specifically, Wallace and Larkins were interested in the differences
between the opaque-2 unmodified and QPM modified endosperm proteome, but
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differentiating between these similar protein compositions proved difficult with
previously published zein extraction methods. Not that these procedures were in low
abundance; the name of the ‘zein’ protein and description as an alcohol-soluble protein
originated in 1821, and a patent for a specific zein extraction protocol was allotted before
the 20th century (Gorham, 1821; Lawton, 2002). In fact, before inquiring into the
opaque-2 mutant, Edwin Mertz himself published an updated procedure on the extraction
of protein classes (Mertz and Bressani, 1957). Despite numerous options, Wallace and
Larkins were unsatisfied with the proteins’ resolution on a sodium dodecyl sulfate
polyacrylamide-based gel (SDS-PAG-Electrophoresis) (Wallace et al., 1990).
Procedures inspecting protein purity and abundance were evolving concurrently with
extraction protocols as well as zein nomenclature and classes. SDS-PAGE was first
introduced in 1970 as a possible means to differentiate proteins post-extraction by
molecular weight, after which the processes to both extract and run zeins on a gel were
further scrutinized (Reynolds and Tanford, 1970; Fling and Gregerson, 1986; Wallace et
al., 1990). Some may consider Wallace’s 1990 paper as the final benchmark for zein
nomenclature, extraction, and SDS-PAGE running procedures. In the paper, zeins were
described (according to a 1986 piece) based on their structural relationships within
protein bodies and molecular weight (Esen, 1986; Wallace et al., 1990). The novel
extraction procedure involved a complete solubilization of proteins using sodium borate
and 2-mercaptoethanol, and a 70% ethanol extraction of soluble zeins from insoluble
non-zeins (Wallace et al., 1990). The SDS-PAGE resolution procedure used by Wallace
was according to a previously published piece with trivial differences (Fling and
Gregerson, 1986; Wallace et al., 1990).
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Unintentionally, the extraction, description, and resolution of zein proteins by Wallace in
1990 complemented and further validated Schmidt’s work at UC-San Diego in
determining opaque-2’s function as primarily affecting the 22-kD α-zein (though the
paper was not referenced in Schmidt’s 1992 piece). Comparing QPM, opaque-2
unmodified, and normal maize endosperm zein protein profiles, Wallace identified
significant reductions in the 22-kD α-zein in QPM and o2 unmodified profiles compared
to normal maize. Moreover, the group observed an overproduction of the 27-kD γ-zein
and foreshadowed the eminence of 27-kD γ-zein abundance in endosperm restoration in
QPM germplasm (Wallace, 1990) (Figure 11).
Though it is the gene’s highlighted role, it would be an overgeneralization to attribute
sole action of Opaque-2 as a 22kD α-zein activator. Like many other transcription
factors, Opaque-2 activates multiple genes involved in processes ranging from protein
structuring to central metabolism; diverse effects that are synergistically coordinated to
promote protected endosperm production during maize’s critical time of seed
development. Concurrent to Schmidt’s work in California identifying O2 as a
transcription factor for 22kD α-zein, researchers in Italy were conducting almost identical
work with O2 and its effect on the ‘b-32’ gene, a 32-kD albumin (a water-soluble,
globular type protein) (Lohmer, 1991). Lohmer et al. postulated that O2 was the
transcriptional activator for the b-32 gene and this theory was widely accepted despite
Schmidt’s skepticism detailed in his 1992 paper (Lohmer et al., 1991; Schmidt et al.,
1992). Taken together, these two papers trailblazed the way for other research groups to
further investigate O2 and its transcriptional targets. Since 1991, Lohmer and other
research groups added to the better characterization of Opaque-2 and its genetic action
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(Figure 12). In 1994, the Italian cohort identified O2’s activation of cytosolic pyruvate
orthophosphate dikinase-1 (or cyPPDK), promoting the last step of glycolysis
(Maddaloni et al., 1996). In 2003, research in Brazil identified Opaque-2’s action in
lysine degradation and aspartate conversion pathway (Azevedo et al., 2003). Though the
running model for O2’s regulatory network has been proposed and generally accepted,
there is still much to discover concerning O2’s influence on the maize endosperm.
Transcriptomic profiling of opaque-2 in 2011 using microarray identified 113
upregulated and 649 downregulated expressed sequence tags (ESTs; short cDNA
sequence) with respect to the wildtype (Hartings et al., 2011).
Though complete elucidation of Opaque-2’s function is yet to come, the primary genes
regulated by O2 involve promoting b-32 and zein synthesis, downregulating starch
synthesis, and activating lysine and aspartate catabolism (Prioul et al., 2008) (Figure 12).
When in its wild-type state, all of these factors aid in promoting endosperm formation
and protein body production under the protection of b-32 albumin’s role of biotic
resistance (Damerval and Guilloux, 1998; Prioul et al., 2008; Lanzanova et al., 2010;
Hartings et al., 2011).
2.4.3 opaque-2 Amino Acid and Endosperm Modifier Genes
Reflection on O2’s immense regulatory role in endosperm formation rationalizes the
overarchingly debilitated o2 mutant phenotype of low yielding, soft and starchy, pest and
rot susceptible lines. However, it also adds emphasis to the accomplishment of
CIMMYT’s breeding program in successfully alleviating most of these negative
pleiotropic effects by breeding in unknown modifiers primarily based on phenotypic
response. During recurrent selection, CIMMYT breeders prioritized light box screening
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and tryptophan amino acid analysis for introgression of the opaque-2 gene and amino
acid and endosperm modifiers (Figure 10). The most cost-effective and successful
selection involved individually sorting kernels of multiple successive generations (F1 to
F4) into Type 1 through Type 5 levels of vitreousness. These levels were determined
based on the fraction of vitreousness observed in the kernel endosperm over a light box.
Near complete vitreousness was termed ‘Level 1’, while complete opacity was labeled
‘Level 5’. During preliminary stages of self-pollination and risk of unintentionally
keeping the Opaque-2 dominant allele from recurrent stock was at its highest,
CIMMYT’s protocol required the selection and continuation of ‘Type 3’ kernels. After a
couple of self-pollinated generations, breeders would continue with ‘Type 2’ kernels. In
CIMMYT’s ‘Breeding Quality Protein Maize’ protocol booklet printed in 2008, the
selection of ‘Type 1’ kernels is prohibited unless accompanied by tryptophan analysis
due to the risk of selecting the dominant allele (Vivek et al., 2008).
Additionally, selecting for desired proteomic rebalancing of future QPM stock was just as
important as selecting for endosperm modification. CIMMYT realized early in their
QPM breeding that the homozygous introgression of the opaque-2 allele did not
necessitate an increase in lysine and tryptophan levels in the endosperm. Though the
average lysine level in normal maize is approximately 2.0% of total protein in whole
grain flour and 4.0% in opaque-2 stock, these levels range from 1.5-2.8% in wild-type
backgrounds and 2.6-5.0% after o2 introgression (Moro et al., 1996). The small overlap
of confidence intervals is made manifest in breeding programs that do not select for
amino acid modifiers in every generation. As a result, lysine and tryptophan levels are in
some degree lower than the original opaque-2 line, though higher than the recurrent,
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wild-type line (Vivek et al., 2008). To produce the most optimal lines with costefficiency in mind, CIMMYT analyzed the tryptophan relative content in every breeding
generation as an indicator for lysine and tryptophan levels, since these two amino acids
correlate at approximately a 4:1 ratio, respectively (Vivek et al., 2008).
The utilization of these two tools, tryptophan analysis and light box screening, was very
successful in producing high quality protein, vitreous QPM stock. Conversely, genotypic
selection for opaque-2, or specifically the use of marker-assisted selection (MAS), was
not reported in literature until 2002 when CIMMYT breeders published a cost-benefit
analysis concerning the utilization of in-gene markers for selecting the recessive allele
(Dreher et al., 2003). Though the team cautiously described CIMMYT’s benefit in
selecting for opaque-2 using MAS in preliminary stages of their breeding program, they
warned that its cost may not outweigh the variable effectivity in other programs. Only
three in-gene short sequence repeat (SSR) polymorphic markers have been discovered to
help identify the O/opaque-2 allele(s), and polymerase chain reaction products were
found to be diverse depending on the populations tested. Up to 10 different opaque-2
alleles were proposed in CIMMYT’s protocols introducing MAS. These protocols
cautioned programs to first identify consistent, differentiable bands marking the inbred
parents and test the marker’s co-dominance (relatively equal amplification of both
alleles) before any large-scale implementation. CIMMYT further contended that for
MAS to be truly effective, markers for opaque-2, amino acid modifiers, and endosperm
restoration modifiers needed to be identified (Krivanek and Vivek, 2006; Vivek et al.,
2008).
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CIMMYT’s overarching caution didn’t convince some researchers completely out of
genetic selection for QPM breeding. Researchers in India described a rapid breeding
program converting normal maize into QPM using foreground and background selection
of opaque-2 flanking and in-gene markers (Babu et al., 2005) (Figure 13). This study
utilized in-gene marker umc1066, a co-dominant SSR marker, for its selection. In
addition to MAS, this breeding program tested three normal maize lines and two QPM
donors in all combinations and employed agronomic trait and amino acid analyses to
ultimately convert one maize line into a BC2F4 QPM (Babu et al., 2005). Though this
study may be considered another model for the assimilation of genotypic and phenotypic
selection for opaque-2 introgression, light box screening and amino acid analyses were
continually performed throughout the breeding program to ensure success (Babu et al.,
2005).
As the 2005 QPM conversion study insinuates, phenotypic techniques for selecting both
vitreousness and high lysine and tryptophan endosperm content are still predominantly
utilized for current QPM conversions, though a few modifier genes have been identified
and/or suggested. In the early 1990s researchers conceptualized that the endosperm
modifiers were somehow involved with γ-zein storage protein synthesis (Lopes and
Larkins, 1991). A study in 1995 utilizing segregating F2 populations and restriction
fragment length polymorphisms (RFLPs) identified two endosperm modifier loci on
Chromosome 7. One modifier locus was mapped near the end of the long arm, while the
second was mapped to the γ-zein storage protein (Lopes et al., 1995). This discovery, in
which the authors suggested that the 27-kD γ-zein gene and relative protein content were
doubled, would be verified by next generation sequencing almost two decades later
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(Lopes et al., 1995; Liu et al., 2016). Studies after 1995 utilized different QPMs from
diverse gene pools to identify Opm(s), or o2 modifiers, on Chromosomes 1, 7, and 9 and
further supported the probability of a 27-kD γ-zein gene duplication (Holding et al.,
2008). This study also originally suggested endosperm modification (or lack of) was
related to programmed cell death (Holding et al., 2008) (Figure 14). Other studies
indicated that quantitative trait loci (QTLs) for endosperm vitreousness/texture were
observed on Chromosomes 3, 5, 6, and 8, while amino acid modifiers were on
Chromosomes 7 and 8 (Gutiérrez-Rojas et al., 2010). However, further concurrent
studies showed that γ-zeins were essential in providing vitreous structure to the maize
endosperm and suggested validation for the former QTL study involving endosperm
vitreousness (Holding et al., 2008; Wu et al., 2010). Additionally, a 2015 analysis
revealed a more complex, minor QTL-involving structure for QPM’s amino acid
modifiers in comparison to QPM’s endosperm modifiers, agreeing with previous work by
Holding et al. identifying three QTLs associated with o2 endosperm modification
(Holding et al., 2011; Pandey et al., 2015). These endosperm QTLs were found to be
associated with the ethylene response pathway and promotion of the glycolytic pathway –
a particularly interesting find as previous researchers identified Opaque-2’s role in
stimulating glycolysis (Maddaloni et al., 1996; Holding et al., 2011). Work surrounding
the identification of amino acid modifiers compared to endosperm modifiers is limited;
though a 2014 article suggested five significant QTLs for tryptophan content on
Chromosomes 5, 7, and 9 though utilization of these QTLs in breeding programs is
difficult to find (Babu et al., 2014).
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Predominantly, the culmination of work surrounding the identification of endosperm and
amino acid modifiers features the validation of the 27-kD γ-zein genetic duplication in
direct correlation with QPM endosperm modification (Liu et al, 2016) (Figures 15 and
16). Moreover, this same lab identified a triplication of this gene in a 2019 study on high
frequency DNA rearrangements (Liu et al., 2019). Though some studies may be found
that utilize a plethora of genetic markers available for QPM conversion, current breeding
strategies arguably trend toward utilizing phenotypic measurements of amino acid
profiles and endosperm vitreousness while integrating zein analysis (whether by
genotyping the 27-kD γ-zein duplication or through SDS-PAGE) and MAS for the
opaque-2 allele utilizing in-gene and/or flanking markers (Babu et al., 2005; Dev et al.,
2018; Hossain et al., 2018; Ren et al., 2018; Parsons et al., 2020).
2.5 Utilization of Selection Indices in Breeding
The 2020 Selection Index described in Parsons et al. was produced as a novel selection
equation best fit for ranking a large number of popcorn hybrids by multiple, variable,
quantitative traits (Parsons et al., 2020). The concept of a selection index is not new; in
fact, researchers at the University of Maine introduced the utilization of an index by
analyzing sweet corn in 1909 (Pearl and Surface, 1909). These researchers outlined four
‘requirements’ that they determined needed to be upheld in a proper selection index: first,
the index should be simple and easily calculated. Second, the index value should
increase as the desirability of the ‘individual’ as determined by the breeder increases.
Third, the variables (or traits) in the index should be weighted, and forth, the index values
should decrease as the desirability of the individual decreases (Pearl and Surface, 1909).
With current selection indices ranging from mixed models including REsidual or
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REstricted Maximum Likelihood (REML) and/or Best Linear Unbiased Prediction
(BLUP) models to calculate genetic effects while adjusting for mating design, genotype
by environmental interactions and genetic effects, to inversions of the numerator
relationship matrix and/or transformation of the BLUP equations by pre- and postmultiplication of the relationship matrix, it sometimes seems as if the first qualification
stated by Pearl and Surface was either ignored or read by a modern-day Archimedes
(Henderson, 1976; de Resende, 2016). Indeed, by 1936 breeders considering index
selection introduced concerns involving the selection of non-heritable variations such as
environmental factors and variances associated with both genetic and environmental
parts, thus invoking the need for matrix algebra (Smith, 1936). In his same critique,
Smith concurrently introduced the first index for simultaneous selection of several traits
(Smith, 1936). Not long after, Lanoy Hazel, an animal science graduate student at Iowa
State College, completed his dissertation describing the efficiency, principles, and
requirements of a selection index (Hazel, 1941). He formed specific indices for pig and
cattle breeding involving specific traits and appropriate weighting values. Hazel very
clearly described the essentiality in identifying factors that affect rate of genetic change
such as trait correlations and dependencies, aggregate genotypic variability of the
population to be bred, difficulty in measurement accuracy, and unconscious prejudice
(Hazel, 1941). He further developed his index practices and published a refined protocol
for constructing selection indices in 1943 (Hazel, 1943). Throughout this time, selection
indices produced were only applicable to the population of interest. Hazel and Terrill
constructed a selection index for sheep selection at weaning age and different indices for
poultry were constructed in 1946 and 1947 (Hazel and Terrill, 1946; Panse, 1946; Lerner
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et al., 1947). These two poultry indices described different traits and different economic
weightings, but both groups emphasized the need for prior knowledge of economically
important traits and utilization of economic weighting within the selection index. James
Legates, another animal breeding Ph.D. candidate from Iowa State College, described his
crafted dairy cow selection index in 1949 and emphasized the need for repeatability
estimates of data, correlations between half-sisters both maternally and paternally, and
the heritability of the trait of interest (Legates, 1949).
Plant breeders realized the efficiency of such selective breeding during Smith’s
introduction to the concept in 1936 in which he provided an example with maize (Smith,
1936; Hutchinson, 1939). In 1951, Robinson and Comstock discussed the production of
a selection index by apportioning genetic variance into additive, non-additive, and
environmental effects, and identifying phenotypic trait correlations to better select
premium lines (Robinson and Comstock, 1951). The calculated coefficients implemented
in the Robinson and Comstock selection index due to trait covariances were related to
heritability, an estimate that Smith argued for the use of throughout his writing (Smith,
1936). The next few decades after Robinson and Comstock would render multiple
personalized yet generally similar versions of selection indices for animal and plant
breeding. Williams argued in his 1962 critique that breeders maintained an overemphasis
on genetic values and underemphasized economic values, after which multiple indices
primarily and solely utilizing economic value were proposed (Williams, 1962; Elston,
1963; Henderson, 1963).
In all, a complete historical description of the formulation of selection indices and the
subsequent adaptations would fill tedious pages with stories already written (Baker,
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2020). In his book ‘Selection Indices in Plant Breeding’, Baker summarizes “the
optimum selection index for improving a specified linear function of genotypic values is a
linear function of phenotypic values in which the weights attached to each phenotypic
value are chosen to maximize the correlation between genotypic worth and the selection
index… other modifications to the selection index methodology include the use of a base
index, where relative economic values are used for index coefficients, and a weight-free
index based solely on observed phenotypic values,” (Baker, 2020, pg. 7). In short,
selection indices have been tailored to include or exclude genetic parameters and
economic weighting of evaluated traits based on the tested population and discretion of
the breeder. Alike to previous breeders’ judgements, the 2020 Selection Index is a tailormade equation specifically designed for the ranking and assessment of a Quality Protein
Popcorn hybrid population utilizing genetic repeatability and economic weighting
estimates. However, unlike previous indices, this equation is readily transferable to other
crop and animal breeding systems and fulfills the first of Pearl and Surface’s four
requirements of a Selection Index – simplicity.
2.5.1 The 2020 Selection Index
Selection indices are more commonly used for recurrent selection of inbred lines than
final hybrid selection (Hallauer and Eberhart, 1970; Johnson et al., 1988; Tardin et al.,
2007; Marinho et al., 2014). Thus, the utilization of a heritability estimate in most
reported selection equations is more appropriate and common than genetic repeatability.
Though these two terms are often interchanged, for this purpose the definition of
heritability may be described as the proportion of genetic variation transferable to the
next generation rather than the amount of genetic variation in a population’s phenotypic
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trait, the proportion known as ‘additive variance’ (Robinson et al., 1907). Genetic
repeatability may be self-defined as the proportion of total variance calculated through
multiple measurements of a trait due to differences among the tested individuals. This
measure therefore becomes more useful when evaluating for consistency rather than
heritability (Dohm, 2002). Separating these terms enables the distinction between
selection indices utilized for either recurrent selection programs or hybrid selection in
that heritability estimates are more helpful for inbreeding programs and genetic
repeatability estimates are better utilized in hybrid selection indices. Since quantitative
trait QPP analysis began at the hybrid stage, the selection index formulated needed to
have a genetic repeatability measure. Additionally, as many selection indices previously
prescribed, an economic weighting value appended to each evaluated trait would be
necessary to select the most optimal hybrids fit for commercialization (Williams, 1962;
Mulamba and Mock, 1978). Dynamic consumer and producer preferences dictate trait
weighting; thus, these coefficients are essentially subjectively chosen by experts in the
field and may fluctuate. Though the most optimal value may not necessarily be utilized,
some weighting (albeit imperfect) still provides a reflection of trait ranking in economic
importance toward industry and consumer choice. Previous studies comparing multiple
selection indices in various crops have indicated that the Mulamba and Mock index, first
described in 1978, is most efficient and successful in anticipated selection (Neves et al.,
2011; Rosado et al., 2012; Vivas et al., 2012; Almeida et al., 2014; Entringer et al., 2016;
Azeredo et al., 2017; Crevelavi et al., 2017; Vieira et al., 2017; Crevelavi et al., 2018;
Leite et al., 2018; Crevelavi et al., 2019).
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The Mulamba and Mock index is relatively simple in its computation. Considered the
‘sum of ranks’, each individual (or groups to be tested, i.e. hybrid) is given an integer
ranking per trait starting with ‘1’ and ending at the total number of genotypes tested. The
final value for the specific genotype or individual is the sum of the rankings per trait
(Vieira et al., 2017). Economic weights and/or heritability estimates may accompany
these trait values before summing all traits for one final value, as shown by the equation
(Mulamba and Mock, 1978; Vieira et al., 2017):
"

! = # $! %!

(1)

!#$

In the equation above, I is the final ranking value of an individual, p is the economic
weight given by the breeder on the jth trait, and r is the rank of the individual in relation to
the jth trait. Other derivations of the Mulamba and Mock have included heritability
estimates within the products to be summed for the final individual value (Azeredo et al.,
2017). The 2020 Selection Index adapted this equation to allow for a continuous ranking
of individuals per trait with a genetic repeatability estimate, as shown below:
$
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− 11 serves as the replacement to the integer ranking identified in

the Mulamba and Mock equation if '",! is the ith trait value of hybrid ‘h’ and '",$%& is
the maximum average trait value across the tested population. This comparison in itself
serves as a relative ranking of trait value. Furthermore, after this quotient is subtracted
from 1, the remainder is squared to represent an exponential distance away from the
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maximum trait value, thus amplifying the distance between the best individual and the
rest of the population while under the square root. This term is then multiplied with the
economic weighting of trait ‘i’ (+" ) and the relative value of the individuals’ trait
variation, as calculated by the term:

-",!
.-",$%& where -",! is the standard deviation of

hybrid ‘h’ trait ‘i’, and -",$%& is the maximum standard deviation value of trait ‘i’.
Calculating all values relatively allows for equal influence from inherently different
traits. For example, 100-grain weight data may vary by an average 10 gram standard
deviation, while ear grain weight may vary by as much as 50 grams. Without
standardizing standard deviation through dividing the maximum deviation of that
particular trait, the final continuous rank of the hybrid (!! ) without unintentionally offer
more weight to traits with larger variances. The final ranking is then the square root of
the product to expand the range of rankings (without changing rank order) for
interpretation and evaluation.
The 2020 Ranking Index was a novel method to select best QPP hybrids from a larger
population, and it proved useful in this context. However, this model can be applied to
any testable population, plant or animal, with multiple quantitative traits. Standard
deviation best reflects genetic repeatability if testing final cultivars or progeny, while
heritability values could replace standard deviation in the Ranking Model for inbred line
ranking (or sires/dams). The trait of ‘cost’ can also be implemented into the ranking
model (i.e. semen straws) with a decided selection intensity. This model may be adapted
into a useable format for researchers and on-the-ground producers alike to independently
rank and select a diverse array of products, from maize genotypes to clean-up bulls.
3. Quality Protein Popcorn Hybrid Evaluation and Selection
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The first introgression of Quality Protein Maize opaque-2 alleles and essential amino acid
and endosperm modifier genes into multiple popcorn lines while maintain popcorn
quality traits was a significant success (Ren et al., 2018). Very rarely have dent by
popcorn crosses been reported for agronomic and/or quality improvement though
popcorn is known to be agronomically inferior to dent maize. The introgression of QPM
into popcorn lines for inbred line production had a two-fold aim in bettering endosperm
protein quality and overall popcorn agronomics. A four year backcross-recurrent
selection breeding program fostered twelve QPP BC2F5 inbred lines with superior protein
quality and scope for agronomic improvement (Figure 17). In the summer of 2018 these
QPP inbred lines were crossed in a full diallel and 44 QPP hybrids were chosen for
analysis (Parsons et al., 2020). Out of these 44 hybrids, the most elite five BC2F5 derived
hybrids were selected. In the spring of 2020, relative crosses between BC3F4 QPP inbred
lines were made for a total of ten QPP hybrids fit for final selection in the 2020 summer
season. These ten QPP hybrids were compared with five ConAgra® Brands popcorn
varieties for major agronomic traits such as yield and test weight, key protein quality
improvement (i.e. lysine), popcorn quality traits such as expansion volume and flake
type, and sensory traits such as appearance, aroma, taste, and overall likability. The
holistic evaluation and selection of these QPP hybrids provided the most robust and
thorough comparative analysis feasible and ultimately rendered two top Quality Protein
Popcorn hybrids fit for future commercialization.
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Figure 1. Locations of progenitor species and/or wild relatives of maize. Balsas river
valley shown in the orange circle, oldest cobs to date found in the light blue circular area.
(a) teosinte, (b) maize (Stitzer and Ross-Ibarra, 2018).
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Figure 2. Map of Quality Protein Maize cultivation across the world in 2000 (CIMMYT,
2000).
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Figure 3. Backcross-recurrent selection breeding scheme for the inbred production of
Quality Protein Popcorn (Ren et al., 2018).
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Figure 4. Double-cross hybrid method (Pioneer, 2018).
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Figure 5. The first analysis of popping expansion volume (Stewart, 1923).
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Figure 6. Display of popcorn morphologies: upper left, mushroom. Upper right,
unilateral. Lower left, multilateral, lower right, bilateral (Sweley et al., 2013).
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Figure 7. Red, white, and yellow popcorn types. Labels 2-6, 8-12, and 14-18 represent
different popping methods on red, white, and yellow popcorn respectively (Paraginski et
al., 2016).
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Figure 8. Different types of popcorn varieties. (a) Japanese Hulless (rice kernel
morphology), (b) Yellow Pearl, (c) South American Hybrid (pearl kernel morphology)
(Eldredge and Thomas, 1959).
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Figure 9. Growth of rats on an opaque-2 or normal maize-based diet (Mertz et al., 1965)
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Figure 10. Selective scale of endosperm vitreousness in CIMMYT’s Quality Protein
Maize breeding booklet (Vivek et al., 2008).
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Figure 11. SDS-PAGE of QPM, wild-type, and opaque-2 cultivar zeins using novel
Wallace protocol (Wallace et al., 1990).
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Figure 12. Transcriptional regulation of Opaque-2 (Mach, 2015).
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Figure 13. Utilization of umc1066 as a foreground selectable marker for QPM
conversion (a) analysis of umc1066 amplicons in 14 parental lines (b) utilization of
umc1066 in BC2F2 to discriminate between wild-type and mutant alleles (Babu et al.,
2005).
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Figure 14. Quantitative Trait Loci for Vitreousness using a QPM by o2 cross population
(Holding et al., 2008).
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Figure 15. K0326Y (QPM) by o2 (reduced 27 kD γ-zein through RNAi) progeny show
correlation between reduced 27 kD γ-zein and opacity (a) Parental QPM (K0326Y) ear
and F1 progeny when crossed to RNAi o2 line reducing 27 kD γ-zein (b) cross-section of
segregating F1 opaque and vitreous kernels (c) SDS-PAGE zein gel showing reduction of
27 kD γ-zein in opaque kernels and more prolific 27kD γ-zein production in vitreous
kernels (Liu et al., 2016).

59

Figure 16. Sequence alignment of B73 (wild-type) and Mo17 (QPM). (a) Orthologous
regions on Chromosome 7 mapped between cultivars (b) Red region in (a) expanded;
sequenced duplication of the 27kD γ-zein genes 1, 2, 3, and 4 (Liu et al., 2016).
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Figure 17. Ten out of twelve Quality Protein Popcorn inbred lines produced in 2017.
Inbreds with an asterisk represent protein profiled QPP inbreds. Inbreds showed adequate
popping characteristics (Ren et al., 2018).
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CHAPTER 2: PRODUCTION AND PRELIMINARY SELECTION OF QUALITY
PROTEIN POPCORN (QPP) HYBRIDS USING THE NOVEL 2020 RANKING
SYSTEM AND COMBINING ABILITY ESTIMATES
1. Introduction
Popcorn (Zea mays L. ssp everta (Sturt.) Zhuk) is a type of flint corn characterized by its
ability to pop under heat and become an edible, direct-to-consumer snack product.
Unlike dent maize, popcorn kernels are largely composed of vitreous endosperm that
spans around the kernel’s small, round, starchy center (Figure 1).
This unique kernel morphology, coupled with appropriate moisture content, allows the
popcorn kernel to expand into light flakes. The market for this popped snack-food has
steadily increased for more than a decade, estimated around $9.06 billion in 2016 and
projected to rise to more than $15 billion by 2023 (Dawande, 2018). Despite this
persistent, growing demand, popcorn variety breeding and research has been largely
overshadowed by other maize species and outpaced by its market growth (Dofing et al.,
1991; Ziegler and Ashman, 1994; Kantety et al., 1995; Li et al., 2008). Due to primary
selection of popping traits such as expansion volume and popability, traits under
repulsion linkage with yield, popcorn is less optimized than other maize types in multiple
agronomic traits such as pest susceptibility, stalk strength, and grain yield, and it has a
relatively narrow breeding pool to integrate and improve agronomic traits (Robbins and
Ashman, 1984; Sprague and Dudley, 1988; Dofing et al., 1991; Ziegler and Ashman,
1994). Previously, breeders’ attempts at introducing dent corn germplasm into popcorn
to improve its agronomic fitness have met with little success because of this negative
correlation between expansion volume, a key popcorn quality trait, and grain yield
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(Brunson, 1937; Dofing et al., 1991; Ziegler and Ashman, 1994; Pereira and Amaral
Júnior, 2001; Daros et al., 2002; Li et al., 2002; Li et al., 2007; Dhliwayo, 2008; Li et al.,
2008; Li et al., 2009). However, in 2018, Ren et al. described an interpopulation
breeding system between popcorn lines and dent ‘Quality Protein Maize’ (QPM) varieties
capable of increasing essential amino acid lysine in the seed proteome to more suitable
levels for human dietary needs, and restored popping at early stages in the breeding
program (Ren et al., 2018).
As previously described in Chapter 1, dent QPM varieties were first produced by the
International Maize and Wheat Improvement Center (CIMMYT) in the 1980s. Though it
was known for decades prior to QPM production that the maize opaque-2 mutation
conveyed a natural biofortification of increased lysine and tryptophan in the kernel
endosperm, the integration of the homozygous mutation into commercialized varieties
proved challenging (Mertz et al., 1964). Due to its action as a seed storage-protein
transcription factor, the knock-out of opaque-2 manifested a soft, ‘opaque’ endosperm
phenotype (Figure 1). In their unmodified form, opaque-2 varieties proved unfit for
varietal production as they generally yielded less than its comparative germplasm and
were more susceptible to fungus and pests, kernel processing damage, and lacked grower
acceptance (Prasanna et al., 2001). To alleviate these setbacks, CIMMYT employed a
large-scale breeding program involving multiple opaque-2 varieties and selected
moderately improved vitreousness levels through back-crossed generations. Along with
the opaque-2 mutation, CIMMYT observed the necessary introgression of unknown
amino acid and endosperm vitreousness restorer genes through phenotypic selection for
the biofortified, vitreous QPM end product (Babu et al., 2005; Sofi et al., 2009; Panda et
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al., 2010; Panda et al., 2010; Mbuya et al., 2011; Babu and Prasanna, 2014; Surender et
al., 2014; Kostadinovic et al., 2016; Krishna et al., 2017). Though most amino acid and
endosperm modifier genes remain unidentified, QTL studies have suggested that
endosperm restorer genes are located on Chromosomes 1, 5, 7, and 9 (Holding et al.,
2008; Holding et al., 2011; Babu et al., 2015). Biochemical and genetic data have
suggested that increased expression and encoded protein of 27-kd γ-zein gene, in the
continued presence of low α-zeins, is the most important component of modification
(Geetha et al., 1991; Holding et al., 2008; Wu et al., 2010; Holding, 2014). In 2016, a
27-kd γ-zein gene duplication on Chromosome 7 was confirmed as the basis for this
increase and that it is observed in all QPM varieties (Liu et al., 2016). Further
investigation recently revealed this locus’s high frequency of genetic rearrangement and
introduced a novel triplication allele (Liu et al., 2019). To successfully integrate the
required QPM genes into popcorn backgrounds, Ren et al. utilized the visible overproduction of 27-kd γ-zein along with marker-assisted selection of the opaque-2 mutation
to select for restored vitreousness of the endosperm while maintaining elevated lysine
(Ren et al., 2018). While selecting for a QPM-like proteome, key popcorn traits such as
popability, kernel morphology, and kernel size were also selected throughout the
breeding program (Ren et al., 2018). After two popcorn back-crosses and multiple
rounds of self-pollination, 12 BC2F5 ‘Quality Protein Popcorn’ (QPP) lines were selected
for analysis of sufficient popcorn and QPM traits. These inbred lines had highly vitreous
endosperm, a QPM-like proteome, high lysine, and similar popping characteristics to the
original popcorn parents (Ren et al., 2018).
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The quality of popcorn endosperm protein, like normal dent maize, is low because of its
deficiency in lysine and tryptophan essential amino acids (Ren et al., 2018). Previous
breeding attempts have successfully introgressed the opaque-2 allele into popcorn
germplasm but have not recovered popping characteristics (Zhou et al., 2016; Adunola,
2017). These QPP inbred lines described in Ren et al. demonstrated proof-of-concept
that the target traits for quality protein could be successfully integrated from QPM into
popcorn without sacrificing popability (Ren et al., 2018). However, as inbreds, they were
not fit for commercialized production due to inbreeding depression and unoptimized
agronomic capacity. Therefore, the objectives of this study were to generate all possible
QPP hybrids and select elite hybrids with superior protein quality, popcorn quality, and
agronomic traits. Overall, the cumulation of these analyses enabled efficient selection of
five elite QPP hybrids of three flake types out of the tested QPP hybrid population fit for
future, quantitative complex trait comparison to currently marketed popcorn varieties.
2. Materials and Methods
2.1 Plant Materials and Creation of Hybrids
QPP inbred lines were produced by crossing three QPM lines, CML154Q, K0326Y, and
Tx807, with four ConAgra Brands® popcorn inbred lines, whose names are withheld for
proprietary reasons (labeled P1-P4 to preserve identity). After F1 crossing in 2013, lines
were back-crossed twice to the original popcorn parent and selfed five times over the
course of four years. Phenotypically vitreous, o2o2 homozygous BC2F5 QPP lines were
produced in the winter of 2017. After evaluation, twelve BC2F5 QPP inbred lines
(labeled ‘QPP Inbreds 1-12’) of single-seed descent from six dent x popcorn F1 crosses
were chosen for continued analysis (Ren et al., 2018). In the summer of 2018, these lines
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were hand-planted and cross-pollinated in a full diallel to produce 132 QPP F1 hybrids.
Fifteen kernels were planted per row and rows were spaced 30 inches apart. Reciprocal
hybrids were designed to grow in adjacent rows for efficiency in hand-pollination and
kept separate at harvest. Qualitative assessment of all maternal cobs, F1 grain fill, and F1
grain vitreousness suggested QPP inbred lines ‘5’, ‘6’, ‘9’, and ‘10’ produced superior
hybrids as maternal parents (Table 1).
At this stage, further selection of paternal parents was not conducted to maintain a
diverse array of hybrids for continued analysis. Therefore, 44 hybrids of pedigrees ‘5’ x
‘1-12’,‘6’ x ‘1-12’, ‘9’ x ‘1-12’, ‘10’ x ‘1-12’ (maternal x paternal, excluding selfing)
were selected for F1 plant and F2 grain prescreening analysis in the summer of 2019.
These 44 hybrids were numerically named in order of maternal parent ‘Inbred 5’, ‘Inbred
6’, ‘Inbred 9’, and ‘Inbred 10’, and paternal parent Inbred ‘1-12’ (Table 1). After relative
ranking, five QPP hybrids were chosen for final, complex trait analysis taking place in
the summer of 2020.
2.2 2019 Field Design
After QPP F1 production in 2018, 44 hybrid crosses were selected for relative
intermediate analysis of F1 agronomic plant performance including ear size and F2 seed
traits in the summer of 2019. Hybrids were grown in Lincoln, Nebraska and Oakley,
Kansas in a Generalized Complete Block Design (GCBD) with six experimental 10-foot
row units randomized per location. Original dent QPM parents, K0326Y and CML154Q,
QPP Inbred 9, QPP Inbred 10, Popcorn Parent 1, and Popcorn Parent 2 were also sown
and analyzed for relative comparison to hybrid progeny. Fifteen kernels were planted per
row and rows were spaced 30 inches apart. Plants developed under rain fed conditions in
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both locations and were self-pollinated and harvested by hand. All original ConAgra
popcorn inbred lines were provided by ConAgra Brands®. K0326Y QPM was a lab stock
originally sourced from Hans Gevers (Gevers and Lake, 1992), and CML154Q and
Tx807 QPMs were originally obtained from the North Central Regional Plant
Introduction Station as previously described (Ren et al., 2018).
2.3 Protein Extraction and Profiling
Zein and non-zein proteins were extracted by procedures previously described (Wallace
et al. 1990; Ren. et al 2018). Zein-profiles of two randomly selected F1 kernels from two
2018 field ears were analyzed for all 44 hybrids. Zein and non-zein profiles were
analyzed on a random selection of 28 kernels from the 2019 F2 hybrid harvest. After
selection of the five elite QPP hybrids for continued testing (Hybrids 20, 25, 28, 38, and
43), the zein profile of eight random kernels from each hybrid were analyzed to verify
that the proteome was that of QPM (low α-zeins and high 27-kD γ-zein). Specifically,
kernels were ground with a Wig-L-Bug® dental amalgam grinder and 50 mg (± 0.1mg)
of powder were used for protein extraction with a borate, β-mercaptoethanol, SDS
extraction buffer. Tubes were shaken for ~3 hours at room temperature and centrifuged
at full speed (13.3 g) for 10 minutes. Protein supernatant was further separated into zein
and non-zein fractions by introducing 70% ethanol and incubating at 4 ºC overnight. 150
µL of both zein and non-zein fractions were placed in a vacuum desiccator centrifuge and
protein precipitated. The precipate was resuspended in 35 µL of 1X SDS-PAGE loading
buffer and 5 µL samples were separated using 12% acrylamide SDS-PAGE to observe
differentiable levels of staining due to particular protein abundance (termed ‘semiquantitative’) for both zein and non-zein fractions.
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2.4 DNA Extraction
Leaf tissue from QPP inbreds and QPP F1 hybrids was collected from two-week old
seedlings and DNA was extracted according to a previously published urea-based
procedure (Holding et al., 2008). DNA samples were diluted to a final concentration of
~50 ng/µL utilizing Nanodrop® and Qubit® technologies.
2.5 Genotyping the opaque-2 allele
Polymerase Chain Reaction (PCR) was carried out for opaque-2 in-gene marker
umc1066 according to Ren et al., 2018. Short sequence repeat (SSR) marker umc1066
first became a useful co-dominant polymorphism for QPM conversion in 2005, and Ren
et al. successfully differentiated between QPM and popcorn opaque-2 alleles with this
marker (Babu et al., 2005). Hybrid verification of o2o2 QPM-allele homozygosity also
required QPM opaque-2 allele differentiation, which was achieved by using primers for
opaque-2 flanking marker bnlg1200, also first described by Babu et al. (Babu et al.,
2005). PCR conditions for marker bnlg1200 were to the same as marker umc1066 except
annealing temperature of 55 ºC was used.
2.6 Trait Analysis
Preliminary prescreening of the 44 QPP hybrids for relative competitive assessment
involved measuring the following traits: germination rate (Germination), days to
pollination (DAP), rot/pest susceptibility (Rot), number of ears harvested per row out of
15 seeds planted (NEH), ear length (EL), number of kernel rows per ear (RPE), ear
weight (or weight of ear’s grain, WEG), 100-grain weight (100GW), kernel size (KS),
kernel vitreousness (Vit), popability (PA), expansion volume (EV), flake type (FT),
kernel color (KC), and amino acid profile of kernels and popped flakes in air, oil, and

94
microwaved conditions. Germination, DAP, Rot, and NEH were measured on all
plants/ears in each plot. EL, RPE, WEG, 100GW, KS, Vitreousness, PA, EV, and FT
were measured on five selected ears per row and averaged for one measurement per row.
EL and RPE were measured prior to shelling. WEG, KS, Vitreousness, and 100-grain
weight were measured after shelling but prior to pooling the five ears’ kernels. One
hundred grain weight has commonly replaced 1000-grain weight in popcorn research (Li
et al., 2007; Li et al., 2008, Dar et al., 2018). Final traits (PA, EV, and FT) were
measured after moisture equilibration for 6 weeks in a conditioning room set at 14%
moisture. Following analysis of these traits, ten superior hybrids were selected for amino
acid profiling.
Kernel Size was determined by counting the number of kernels in batches of 10-grams
per ear, per row and averaging values. One-hundred grain weight was found through this
estimate and appropriating the influence of each ear’s value to the final average by Ear
Weight. Vitreousness was determined through light-box screening and qualitatively
scored on a 1-7 scale of complete opacity to complete vitreousness, as previously
described (Vivek et al., 2008; Ren et al., 2018; Figure 2). Popability was measured by
weighing one replication of 20 grams per row, counting the total number of kernels, and
after popping, counting the number of unpopped kernels. Expansion volume was
evaluated through popping in a domestic Orville Redenbacher Hot Air Popcorn Popper
and measuring the total popped flake volume in a 1 liter cylinder. One batch of 20 grams
of kernels per row was measured. Flake type was determined by evaluating one
randomly selected batch of 20 grams of popped kernels and annotating flake type as
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mushroom, unilateral, bilateral, or multilateral according to previously described
terminology (Eldredge and Thomas, 1959; Sweley et al, 2011).
Free and protein-bound amino acid profiles were analyzed at the University of Missouri
according to published procedures (Angelovici et al., 2013; Yobi and Angelovici, 2018).
Acidic hydrolysis of protein-bound amino acids destroys tryptophan and cysteine, and
confounds asparagine and aspartate (Asx) and glutamate and glutamine (Glx), but all free
amino acids were recovered in native form (Tables 5, 6, 8-13). After determining the top
ten hybrids, profiles from one replication of unpopped kernel powder per three rows per
location (six samples) for each hybrid was quantified. Three kernels were ground and
pooled for each replication, and all ground powder per row was used for UPLC-MSMS
protein bound and free amino acid profiling. In addition to the ten best hybrids,
biological replications of QPP inbred lines (two), original proprietary popcorn (four
replications for Parents 1 and 2, two replications for Parents 3 and 4), QPM dent parents
(four replications for CML154Q and K0326Y, two for Tx807), and B73 (four) were also
analyzed for protein-bound and free amino acid relative content. Popped flakes were also
measured for free- and protein-bound amino acid determination. Four replications of five
hybrids and Popcorn Parents 1 and 2 were each air-popped, microwave-popped, and oilpopped (for a total of 12 popped samples per line), and flakes were frozen in liquid
nitrogen and ground in a mortar and pestle to make a fine powder.
2.7 Statistical Analysis
2.7.1 QPP Inbred and Hybrid Analysis
The statistical model used for preliminary internal ranking of QPP hybrids is given by
Equation 1:

96
!!"# = # + %! + τ" + (%τ)!" + *!"#

(1)

Where !!"# is the hybrid’s response, μ is the overall mean, %! is the environmental effect,

τ" is the treatment effect, (%τ)!" is the location*treatment interaction, and *!"# is the
plot*treatment*block random effect, or error (Griffing, 1956; Addelman, 1969,). The
treatment effect was considered random to estimate genetic values and Type II sums of
squares was used to compute the Analysis of Variance to maintain proper degrees of
freedom with missing hybrid data.
Relative values of mGCA, pGCA, and SCA were measured for each trait as shown
theoretically by Equations 2, 3, 4, and 5 (Griffing 1956; Gardner, 1967):
!!#$% = # + +# + +$ + ,#$ + -!#$%

(2)

./01# = !. 3. . − #

(3)

5/01$ = !. . 6. − #

(4)

701#$ = !.#$. . −./01# − 5/01$

(5)

Equation 1 was used sequentially with maternal, paternal, and hybrid treatments as
random effects in ASReml-R software to estimate genetic values and standard errors
(Butler, 2019). Genetic repeatability and maternal and paternal broad-sense heritabilities
were calculated utilizing the genetic variance and phenotypic variance components as
shown in Equation 6 (Isik et al., 2017):
8!9:;< =-5->?>9;6;?! @: AB9:-< C:@>< − 7-B,- 8-:;?>9;6;?! =
τ" = 8!9:;< EFF-G? (SCA)
τ" = H>?-:B>6 EFF-G? (mGCA)

τ"
D'

(6)
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τ" = I>?-:B>6 EFF-G? (pGCA)
All analysis was conducted using R® software, and the ASReml-R package was used to
calculate mGCA, pGCA, SCA, co-variance, and variance of traits (Isik et al., 2017;
Butler, 2019). The R-package ‘GGally’ was used to calculate trait correlations
(Schloerke et al., 2018). R-packages ‘lavaan’, ‘semPlot’, ‘OpenMx’, ‘tidyverse’,
‘knitr’,’kableExtra’, and ‘GGally’ were used to conduct and visualize path analysis for
comparative correlation values with EV as the main, independent variable with all
variables excluding KS and DAP as dependent variables, and ear grain weight as a
function of agronomic traits Germination, Rot, NEH, EL, NRE, 100GW, and Vit (Yves,
2012; Hunter, 2018; Schloerke et al., 2018; Sacha, 2019; Hao, 2019; Wickhan, 2019;
Yihui, 2020). Tukey’s Honest Significant Difference (HSD) method in R software was
used to test significant differences of hybrid and parental mean trait values (R Core
Team, 2018).
2.7.2 Index Selection: Adapted Rank of Sums
Selection indices are more commonly used to select inbred lines in recurrent breeding
rather than ranking at the intermediate stage of hybrid selection (Hallauer and Eberhart,
1970; Johnson et al., 1988; Tardin et al., 2007; Marinho et al., 2014). This type of index
requires heritability estimates coupled to repeatability to better gauge the genetic value of
an inbred (Amaral Júnior et al., 2010; Lima et al., 2012; Marinho et al., 2014; De
Azeredo et al., 2017; Da Luz et al., 2018). To further select the best QPP hybrids from
the 44 continued crosses, a model was devised to prescreen and comparatively rank
hybrids according to suggested genetic potential. The intrapopulation, relative hybrid
ranking determined by the equation below reflects potential genetic value through
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summing the products of estimated comparative phenotype and determined economic
weight of each trait. Trait estimates served as prescreening comparations capable of
effective, intrapopulation ranking of the 44 QPP hybrids rather than individual
quantitative values through this model. Equation 7 also includes a measure of trait
repeatability in each trait’s summative ranking. For hybrid ranking, the heritability
estimate was replaced with repeatability for suggested homogeneity of the hybrid, rather
than heritable trait value.
%

,

!!,(
(D
J( = KL M
− 1O A! !,(PD!,%*+ )
!!,%*+

(7)

!-.

In the equation, J( is the final, continuous rank of hybrid 'h'; !!,( is 'h'’s value of trait 'i';
!!,%*+ is the superior value of trait 'i' across hybrids; and A! is the selection intensity of
trait 'i'. Germination rate, rot susceptibility, number of ears harvested per row, ear
weight, 100-grain weight, vitreousness level, popability, and expansion volume were all
considered important traits in intermediate selection. Not all traits were regarded as
equally important in hybrid selection, so weighting values (selection intensities) were
assigned on a scale of 0-1 that graded traits based on economic importance for a
commercialize line. Popability and expansion volume were assigned the heaviest weight
(0.85), followed by ear weight (0.80), 100-grain weight and germination rate (0.70),
vitreousness and number of ears harvested (0.60), pest/rot susceptibility and ear length
(0.50), and finally number of rows per ear (0.4). Days to pollination and kernel size traits
were noted for other analyses but not considered for ranking. Traits with premium values
not reflected as maximum were reconfigured. For example, the rot/pest susceptibility
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values were subtracted from 1 (100% insusceptibility) and the differences were utilized.
D!,( is the standard deviation of trait 'i' from hybrid 'h' and D!,%*+ is the maximum
standard deviation for trait 'i' across hybrids.
Final ranks were on a continuous scale with smallest values representing superior
hybrids.
2.7.3 Pedigree Effect: Progression of Heterosis
The 44 QPP hybrids were separated into five categorical ‘hybrid’ levels according to
their pedigrees (Table 1). Hybrids differentiated solely by single seed descent of the
same QPM and popcorn lineage were considered ‘pseudo-selfed’. Since inbred lines
were backcrossed twice to the original popcorn parents, hybrids with the same popcorn
lineage were conservatively considered 0-50% ‘hybrid’, while crosses with the same
original QPM parent were considered closer to a true hybrid. Crosses with popcorn
parents within the same heterotic group were categorized into ‘same heterotic group:
hybrids’, and crosses between different popcorn heterotic groups were part of the
‘complete hybrid’ group. The statistical model used for variance analysis is shown by
Equation 1 inputting treatment as the ‘pedigree effect’ on trait response. Analysis was
conducted with Type II sums of squares in R® software and Tukey’s HSD tests for
significance (R Core Team, 2018).
3. Results
3.1 Verification of o2o2 genotype in QPP Hybrid F1 and F2 kernels through PCR
and SDS-PAGE analysis
Polymerase Chain Reaction (PCR) analysis of QPP inbred lines confirmed homozygous
opaque-2 introgression from dent parents. QPP Inbred lines 3, 9, 10, and 11 and their
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parental pedigrees are shown (Figure 3). All inbreds were homozygous for the QPM
opaque-2 allele.
SDS-PAGE analyses of F1 and F2 kernels from the 44 selected QPP hybrids confirmed
the consistent QPM proteome of modified, o2o2 mutants (Figure 4). All semiquantitative zein SDS-PAGE analysis revealed a substantial decrease of 22-kD α-zein
accumulation, varied accumulation of 19 kD α-zein, and a uniform increase in 27-kD γzein accumulation compared to the original popcorn, mirroring the QPM zein protein
profile (Figure 4A). Moreover, F2 kernels showed a characteristic, although variable,
relative increase in non-zein accumulation compared to the original popcorn parent
indicative of increased lysine (Figure 4B). The seven random QPP hybrid kernels
pictured represent the 28 kernels analyzed for zein and non-zein patterns. After ranking
and selection of QPP hybrids, zein analysis of eight random kernels from elite hybrids
showed the same pattern (decrease of 22-kD α-zein accumulation, varied accumulation of
19 kD α-zein, and a uniform increase in 27-kD γ-zein accumulation) (not shown).
Moreover, protein-bound and free amino acid profiling of 10 select hybrids confirmed the
general increase in lysine accumulation in the kernel endosperm co-validating the PCR
and SDS-PAGE results of a rebalanced proteome due to introgression of the opaque-2
recessive allele (Tables 5 and 6).
3.2 Agronomic and popcorn quality trait evaluation of QPP hybrids and original
popcorn, QPM, and QPP inbreds
Superior agronomic performance was observed in all QPP hybrids compared to the six
simultaneously grown inbred lines (p < 0.01; Figure 5). F1 hybrid plants demonstrated
significantly higher germination rates and number of ears harvested from 15 planted
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seeds compared to QPP, Popcorn, and QPM inbreds (Figure 5A and 5B). Four traits out
of the twelve analyzed, rot susceptibility, number of ears harvested, vitreousness, and
100-grain weight had a significant environmental interaction effects (p < 0.01). QPP
hybrid ears were significantly longer than popcorn and QPM parents (Figure 5C).
Hybrids averaged 46.6 grams per ear in grain weight, a significant improvement
compared to QPP inbreds and popcorn parents (Figure 5D). Kernel sizes (as
demonstrated by 100-grain weight) of all popcorn types were significantly smaller than
QPM inbreds, while QPP hybrids exhibited slightly larger kernel size compared to QPP
inbreds (Figure 5E). The original popcorn parents had significantly fewer number of
kernel rows per ear (NRE) compared to QPM inbreds and QPP inbreds and hybrids
averaged very similar NRE to QPM (Figure 5F). Flake expansion volume (EV) of QPP
hybrids were on average lower than original popcorn parents (Figure 5G). QPP hybrids
had a higher popability average than QPP inbreds and popability was not significantly
different from the original popcorn parents (Figure 5H). These results suggest the
successful selection of agronomic traits in QPP hybrids from QPM parents while
sustaining popcorn quality traits from popcorn germplasm.
3.3 Phenotypic correlations and path analysis for agronomic and popcorn quality
traits
Simple regression and path analysis of preliminary trait values suggested high
covariances and correlations between multiple agronomic and popcorn traits (Figure 6).
Charts along the downward diagonal of Figure 6A depict the range and generally normal
distribution of each of the eight traits analyzed (Figure 6A). Dot plots under the diagonal
plot trait values, as described in the column and row headings, on the x and y axis for
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visualized regression and slope of response (Figure 6A). Values in replacement of dot
plots indicate correlations derived from path analysis with EV as the independent variable
and ear weight as a function of agronomic traits and vitreousness. Correlation
coefficients positioned above the diagonal relate to traits as described in the column and
row headings (Figure 6A) and were calculated by dividing the traits’ covariance (above
darkened diagonal in Figure 6B) by both traits’ standard deviations (variances shown in
diagonal, Figure 6B). Path analysis standardized coefficients and correlation coefficients
complement each other in significance and trend, except for correlations between ear
weight and Vit, EV and EL, and EV and number of ears harvested per row (Figure 6A).
Negative coefficients were found between EV and 100-grain weight (-0.325 and -0.241),
EV and ear weight (-0.232 and -0.241), and EV and number of rows per ear (-0.358 and 0.205) for phenotypic correlation and path analysis, respectively (Figure 6A). When
agronomic traits were compared, high correlations between ear weight and ear length, ear
weight and 100-grain weight, and 100-grain weight and ear length were calculated
(Figure 6A). All three traits were evaluated to account for the possibility that kernel size
and rot susceptibility could create variance in ear fill, but despite moderate occurrence of
rot, strong correlations between these three traits were still observed. Additionally,
though ear length variance was relatively large (10.63, Figure 6B), the trait conferred a
high maternal heritability and hybrid repeatability estimate (0.432 and 0.716,
respectively; Table 3 and Table 7). Vitreousness was slightly negatively correlated to
100-grain weight, ear weight, and number of rows per ear and positively correlated to EV
(0.435 and 0.300, respectively) (Figure 6A). Path analysis revealed a significant, though
small, positive correlation between EV and ear length (0.197) while phenotypic
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correlation between vitreousness and ear length was insignificant (Figure 6A). This data
supported the empirical findings that maintaining a high level of kernel vitreousness
while improving popcorn agronomics, proposedly through ear length, lessened the
negative side-effect on popcorn quality traits.
3.4 Pedigree analysis of QPP hybrids
Hybrids were categorically separated into five groups in order of increasing genetic
diversity (Ren et al., 2018; Table 1 and Figure 7). All agronomic traits exhibited a
similar trend of improvement from the pseudo-selfed lines to the complete-hybrid groups.
‘Ears harvested per row’ averages between categorical groups slowly inclined, and
significant differences were found between all categories one step apart (Figure 7A).
One hundred grain weight values exhibited a similar trend, except hybrids within the
same QPM background had a slightly larger average than hybrids in the same heterotic
group (Figure 7B). QPP hybrids from different heterotic groups averaged the highest ear
length while categories involving the same popcorn background or heterotic pool notably
decreased compared to the same QPM or different heterotic pool categories (Figure 7C).
A dragging trend in similar popcorn genetics (backgrounds and heterotic pools) was also
noticed in NRE (Figure 7D). Like EL, groups with the same popcorn background were
significantly stunted in kernel row number, averaging almost the same as popcorn
parental inbreds (11.78±0.809 and 12.11±0.928, respectively).
Principle Component Analysis of all trait data supported the validity of these categories
and subsequent heterotic trend. A composite 96.56% of data variance was explained by
the first two principle components (Figure 8). QPM parents K0326Y and CML154Q fell
far from all other popcorn related lines and were clustered into the same group as other

104
inbreds. All ‘Same Popcorn Background’ hybrids fell in/near the inbred cluster (Figure
8). These components were determined predominantly by variances associated with a
kernel size, ear weight, and maturity (Figure 8). Hybrids of the same heterotic group
displayed a tight cluster separated completely from hybrids of different heterotic groups,
though both overlapped with

Pseudo-self’ and ‘Same QPM Background’ clusters

(Figure 8). Complete hybrids notably separated themselves from hybrids from the same
heterotic pool due to heavier ear weight and longer ear length, while hybrids from the
same heterotic group favored smaller, more popcorn-like kernel sizes and later maturity
(Figure 8). Like Figure 7, progression in agronomic improvement, specifically in ear
length, ear weight, and kernel size, was evident through PCA of the five genetically
distinct categories of QPP hybrids (Figure 7, Figure 8).
3.5 QPP hybrid and inbred flake type analysis
Utilizing unilateral, bilateral, multilateral, and mushroom terminology (Sweley et al.,
2011), all QPP inbreds and hybrids were categorized into one or two flake types (Table 2;
Figure 9). Bilateral flake types were not observed across all hybrids (Table 2). Hybrids
from maternal parents 5, 6, and 10 seemed to display either unilateral or mushroom
flakes, in agreement with inbred morphology, while hybrids from maternal parent 6 had a
more diverse morphology of mushroom or multilateral flakes (Figure 9; Table 2).
Paternal parents 11 and 12 also exhibited a mushroom flake in all progeny with different
degrees of uniformity, reflecting the flake type of the inbreds (Figure 9; Table 2).
Hybrids involving Inbreds 3 and 4 also popped with mushroom flakes like the inbreds,
though notably crosses 25 and 26 had uniform unilateral flakes, like Inbred 9. Out of the
22 crosses involving maternal lines 9 and 10, nearly half displayed uniformly unilateral
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flakes (Table 2). In contrast, all hybrids from maternal Inbred 6 had mixed morphologies
except for hybrid 19, which was multilateral (Table 2). Nine hybrids in all displayed
some occurrence of multilateral flakes and the morphology was tested for association
with high EV, but no correlation was found. Hybrids 23-26 exhibited uniformly
unilateral flakes compared to Hybrids 34-37 that displayed near uniform mushroom
morphology (Table 2). Half of hybrids from Inbreds 1 and 2 exhibited mushroom
morphology though these inbreds had a multilateral morphology (Figure 9). Inbreds 11
and 12 exhibited the mushroom morphology successfully in almost all hybrids, including
those with Inbred 9 as the maternal parent (Table 2).

Before hybrid ranking and

selection, it was determined that diversity in flake type would be maintained in the final
list of chosen hybrids. Thus, after ranking and inbred analysis, final hybrids with two
uniformly unilateral, two unilateral and multilateral mixed, and one mushroom
morphology were chosen for continued analysis.
3.6 Novel hybrid ranking system identified top QPP hybrids
All relevant trait data was imputed into the ranking model as shown by Equation 7. After
computation, each hybrid was assigned a final ranking number that was the composite of
ten trait values (Figure 10). Hybrid 6 held the highest value (signifying the worst ranking
of all hybrids), which was mostly due to its relatively poor germination (Figure 10).
Hybrids 19, 20, 28, 38, 9, 8, 43, 30, 25, and 17 were identified as the top ten (Figure 10).
Hybrids 19 and 20 ranked highest with minimal deviations from the maximum trait
values in all traits. Hybrid 20 was slightly hindered by its lower EV, as was Hybrid 28’s
lower 100-grain weight. Hybrids 8, 25, and 32 had large rot values but they did not affect
ear weight (Figure 10). Hybrids 30 and 25 were very similar in rank since Hybrid 30 had
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a more inferior ear weight with minimal rot susceptibility. Hybrid 43, 44, 26, and 23
were hindered by expansion volume, which was more noteworthy for Hybrids 23 and 26
since they expanded unilaterally compared to Hybrids 43 and 44 which expanded in
mushroom morphology (Table 2). Hybrid 17 ranked tenth, with a value predominantly
composed of ear weight and ear length marks (Figure 10).
The summation of all preliminary evaluations enabled the holistic ranking of hybrids by
overall genetic value, analyses akin to other selection indices. However, maintaining
individual trait distinctions and extent of effect enabled a thorough understanding of
hybrid rank. The top nine hybrids: 19, 20, 28, 38, 9, 8, 43, 30, 25, and hybrid 23 (lower
due to EV) were chosen for amino acid profiling and further selection.
3.7 Assessment of top hybrids utilizing General and Specific Combining Ability
Estimates
Hybrid analysis enabled maternal and paternal GCA values to be assigned according to
offspring productivity. Maternal GCA values were only assigned for Inbreds 5, 6, 9, and
10, and paternal values were calculated for all QPP inbreds (Table 3). Due to inbred
similarity in original pedigree (shown in Table 1), most combining ability values were
similar for pairs of inbreds with the same QPM and popcorn parents. Trends were
observed between the maternal pairs of Inbreds 5 and 6 and Inbreds 9 and 10. Ear weight
maternal and paternal combining abilities were not used in downstream analysis due to
large standard error and insignificant differences. mGCA estimates for Inbreds 9 and 10
(CML154Q x Popcorn Parent 1) were significantly higher than Inbreds 5 and 6 in
agronomic traits ear length, number of rows per ear, and 100-grain weight (Table 3).
These traits also had the highest maternal heritability values at 0.432, and 0.415 for EL,
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and 100-grain weight respectively. Higher heritable values coupled to significant
differences in maternal general combining ability values suggested that Inbreds 9 and 10
were superior maternal parents agronomically. Inbreds 5 and 6 held the highest
expansion volume GCAs for all parents, though these values were considered
insignificant. However, the trend in higher EV GCA values for these inbreds suggested
that Inbreds 5 and 6 were strong paternal parents in popcorn quality traits, especially
when considering they also held the highest popability pGCAs and paternal heritabilities
were larger than maternal for both EV and popability, at 0.322 and 0.123, respectively
(Table 3). Moreover, the heritability estimates for vitreousness varied substantially
between maternal and paternal parents; with values of 0.024 and 0.445, respectively.
Therefore, Inbreds 5 and 6 again stood out as premier paternal parents with significantly
highest vitreousness pGCA values (Table 3). The combination of Inbreds 9 and 10 as
maternal parents and Inbreds 5 and 6 as paternal parents suggested premier crosses,
aiding the eventual selection of both Hybrids 28 and 38 rather than their reciprocals
Hybrids 19 and 9 (Table 3). Hybrid 20 was favored over Hybrid 19 due to Inbred 10’s
larger popcorn quality trait pGCA value for Popability, which is highly correlated to EV,
compared to Inbred 9 (Table 3).
Specific Combining Ability values, standard error, and genetic repeatability estimates
were calculated for all QPP hybrids (Table 7). High standard errors for EV and ear
weight in both general and specific combining ability estimates limited their direct use
for QPP hybrid selection; however, calculated significant correlations between traits such
as ear length and ear weight, and popability and EV, enabled discriminatory selection of
elite hybrids utilizing more accurate inbred genetic values coupled to heritability and
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repeatability estimates. The ranking system allowed for a direct, preliminary narrowing
of best hybrids for further testing, after which heritability and repeatability estimates with
standard error determined the reliability of combining ability values that guided final
selection. Due to high heritability and low standard error, ear length and Vitreousness
SCA values became the premier traits for final selection. Hybrids 20, 25, 28, 38, and 43
all exhibited positive EL SCAs and Hybrids 20, 28, 38, and 43 held positive Vitreousness
SCAs.
3.8 Highly ranked QPP hybrids showed elevated lysine in raw and popped kernel
flours
After the ten best hybrids were selected, flour from raw kernels and air, microwave, and
oil popped flakes were analyzed for protein-bound and free amino acids. Principle
Component Analysis of protein-bound raw kernel amino acid profiles suggested a major
shift in the QPP proteome away from popcorn parents and toward QPM (Figure 11A).
Genotypes were grouped into two main clusters. Cluster one was composed of popcorn
parents (and B73 dent corn) and cluster two of QPP and QPM germplasm with the
overlap of one genotype (QPP Inbred 9) (Figure 11A). CML154Q and K0326Y were
grouped into cluster two and indistinguishable from QPP inbreds and hybrids (Figure
11A). QPP Inbreds 7 and 8 and QPM line Tx807 displayed a distinctive protein-bound
amino acid profile compared to all other lines and formed cluster three, though too few
points were available to calculate an ellipse (Figure 11A, Table 5). With histidine,
methionine, and lysine as the exceptions, Inbreds 7 and 8 consistently had the highest
protein-bound amino acid levels, though this trend did not hold with free amino acid
values (Tables 5 and 6). Principle Component Analysis of free raw kernel amino acids
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instead suggested a general distinction between QPP inbreds and QPP hybrids (Figure
12). Like the protein-bound analysis, Inbred 9 bordered the popcorn parent cluster, and
K0326Y, Tx807, and QPP Inbreds 10, 8, and 6 overlapped with QPP hybrids (Figure 12).
All other QPP Inbreds and CML154Q formed a separate group with characteristically
high levels of proline, aspartate, glutamine, glutamine, and alanine (Figure 12).
To further confirm the homozygous introgression of the QPM opaque-2 allele, free and
protein-bound lysine levels in raw kernels were specifically compared between QPP
hybrids and original QPM and popcorn parents (Figure 11B). Significant increases in
QPP lysine levels compared to the original popcorn parents were observed in all hybrids
(Figure 11B). K0326Y and CML154Q maintained slightly higher lysine levels than QPP
hybrids, though not always significant (Figure 11B). QPP Hybrids 43, 20, and 38 had the
highest protein-bound lysine levels (0.589, 0.558, and 0.552 g/100g respectively)
compared to CML154Q and K0326Y (0.629 and 0.589 g/100g, respectively) (Figure
11B, Table 5). Overall, the ten tested QPP hybrids had 1.45 and 3.86 fold increases in
raw kernel, protein-bound and free lysine content over popcorn parents, respectively
(Tables 5 and 6). Specifically, the five selected hybrids for further analysis (Hybrids 20,
25, 28, 38, and 43) held 1.52 and 4.45 fold increases in protein-bound and free, raw
kernel lysine levels, verifying the biofortification of the popcorn proteome to pattern that
of QPM.
As pedigree analysis of agronomic traits revealed a manifestation of heterosis due to
genetic diversity, raw kernel protein-bound lysine levels were compared between QPP
hybrids and their inbred parents (Figure 11C). An additive effect was observed in all
cases except Hybrid 38 (Figure 11C). Hybrid 38 and Inbred 10’s lysine levels were

110
significantly larger than Inbred 5, suggesting a dominant heterotic effect in this singular
case (Table 5). However, with nine out of ten parental pairs holding an additive effect,
the trend suggests that lysine level in QPP crosses can be moderately predicted. Similar
comparative analysis between parents and crosses were conducted on all protein-bound
amino acids, and over-dominant trends, or the synergistic effect of a heterozygous state
of alleles to confer a superior phenotype, in this case elevated amino acid abundance, in
the hybrid compared to the parental inbreds, were noted for alanine, arginine,
aspartate/asparagine, histidine, leucine, and methionine (Shapira and David, 2016).
Additive and/or dominant trends were suggested in glutamate/glutamine, glycine,
phenylalanine, serine, and isoleucine, and exclusively additive trends were identified in
proline, threonine, and tyrosine (Table 5). Though verifying effects would require
additional testing, consistent trends in particular amino acids suggest moderate
predictability of hybrid amino acid levels according to inbred values and could guide
selective breeding accordingly.
The five chosen QPP hybrids and two popcorn parents were popped using air, oil, and
microwave methods to identify correlations in amino acid changes between ground
powder and several different popping methods. QPP hybrids maintained higher lysine
levels than popcorn parents across all popping methods, though protein-bound and free
lysine levels decreased to different extents when kernels were popped (Figure 13). Air
popping appeared to result in the least loss of protein-bound lysine, decreasing contents
on average by ~0.15 g/100g lysine (Figure 13A, Tables 5 and 8). Values suggested that
microwave and oil popping decreased protein-bound lysine content more than air
popping, though confidence intervals overlap (Figure 13A, Tables 8-10).
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To ascertain the consistency in lysine loss due to popping methods, correlation
coefficients were calculated between all four treatments – raw powder and microwave,
oil, and air popping, and a highly correlative trend in lysine loss was observed (p < 0.05;
Figure 13A). With such a consistent decrease in protein-bound lysine due to popping, all
other amino acids were examined for uniformity and extent of decline. Most proteinbound amino acid levels correlated with a coefficient higher than 0.700 between ground
powder, air, microwave, and popped methods. Proline, threonine, and
asparagine/aspartate’s oil method correlations, isoleucine and serine’s oil method
correlations to air and microwave popping, and almost all correlations in glycine and
valine levels were low. The amount of change varied by amino acid, commonly
increasing in abundance after popping by air and microwave methods (ex. glycine,
isoleucine, and leucine; Tables 5, 8, 9, and 10). Though levels changed by varying
percentages depending on amino acid and method, high correlations between raw kernel
and air and microwave popped flake protein-bound amino acid values suggest a
consistent effect of popping on protein-bound amino acid level variations (Tables 5, 810). Like lysine levels, most QPP protein-bound amino acids supported a similar trend of
insignificantly different amounts in air and microwave popping methods and slightly
lower abundances with varying levels of significance in oil-popped flakes (Tables 5, 9,
10, 11). Though confidence intervals were wide across popping methods and genotypes,
comparative analysis between QPP hybrids and popcorn parents suggested that popcorn
germplasm held higher protein-bound serine, phenylalanine, methionine, alanine,
tyrosine, isoleucine, leucine, and glutamate/glutamine levels than QPP, while QPP
hybrids exhibited higher levels of histidine, arginine, asparagine/aspartate, and lysine
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levels than popcorn parents (Table 5). Ground samples of QPP hybrids that were not
tested in the popped state also exhibited superior lysine levels compared to popcorn
parents, and high correlations between raw kernel and popping methods suggest that all
hybrids are superior in lysine levels regardless of popping method employed, a trend
further exemplified in free amino acid levels (Figure 9A, 9B, and Figure 14A).
Free amino acid analysis revealed that QPP hybrids had a higher abundance of free amino
acids in all residues except serine and methionine compared to popcorn parents (Tables 6,
11, 12, and 13). Like protein-bound values, free amino acid levels suggested similar
trends in declined abundance after all popping methods, with cysteine and threonine
values as exceptions (Figure 14A, Tables 6, 11, 12, and 13). Like protein-bound
residues, high correlations (>0.7) were observed between almost all popping methods and
raw powder in free amino acid comparisons, offering further confidence that popping has
a reliable, consistent effect on the proteome and amino acid fluctuations. Unlike proteinbound values, free amino acids suggested a uniform trend in decreased residue abundance
due to all popping methods (except threonine and cysteine; Figure 13B and Figure 14A).
On average, QPP hybrids sustained a 0.0087 g/100g loss of free lysine and popcorn
germplasm sustained a 0.0023 g/100g loss when air popped, 72.3% and 74% respectively
of the raw kernel free lysine level (Figure 13B, Tables 5,6,8, and 11). Since QPM
conveys the characteristic increase of essential amino acids lysine and tryptophan, free
tryptophan levels of QPP hybrids were examined and held significantly superior levels
compared to popcorn parents and, like protein-bound lysine, most hybrids held
insignificantly different levels of free tryptophan compared to QPM (Figure 14B).
4. Discussion
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4.1 The popcorn market: future prospects
U.S. consumer trends veering toward a more health-consciousness and continually fastpaced lifestyle have correlatively increased with the popcorn market, which is expected
to grow at an annual rate of 7.6% over the next three years (Dawande, 2018). Popcorn
producers have responded with more detailed labeling describing caloric intake, offering
all-natural, clean label options, and introducing more flavor options to the consumer
(Mordor Intelligence, 2018). Successful dent by popcorn crosses have resulted in
improved agronomics with enhanced flavor profiles of the popped flakes; however,
maintaining popability and expansion volume remains a key challenge (Crumbaker et al.,
1949; Johnson and Eldredge, 1953; Robbins and Ashman, 1984). In this study, the use of
Quality Protein Maize varieties in QPM by popcorn crosses had a triplicate effect of
improving popcorn agronomics, seed protein quality, and rapidly restoring popability in
subsequent inbred lines due to their selectively high level of vitreous endosperm (Figure
1, Ren et al., 2018).
4.2 Improved agronomics of Quality Protein Popcorn hybrids
Multiple QPP inbreds with different pedigrees were maintained throughout breeding to
enable hybrid production (Table 1). Though inbreds have elevated lysine levels due to
the successful introgression of the opaque-2 allele and adequate popability, poor
agronomics due to inbreeding depression, a common phenomenon in maize, disqualified
the lines’ capability for commercialization as inbreds. Once hybridized, we clearly
observed agronomic heterosis in QPP crosses that increased overall ear weight while
maintaining popcorn-like kernels (vitreous and small). QPP hybrids had a significantly
higher germination rate, number of harvested ears, ear length, number of rows per ear,
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and ear weight compared to the original popcorn parental inbred lines (Figure 3).
Comparing QPP inbreds to popcorn inbreds, QPP inbreds had significantly longer ears
and more kernel rows per ear, though 100-grain weight and ear weight were
insignificantly different. Since original popcorn hybrids weren’t required in this
preliminary pre-screening, it cannot be certainly ascertained if QPP hybrids are superior
in agronomics compared to original popcorn hybrids. The main aim of our Quality
Protein Popcorn breeding program, the improvement in protein quality in QPP inbreds
and hybrids, was able to be tested and confirmed at this point in our study. However, the
selection of agronomic traits from the original QPM parent and kernel traits from the
original popcorn parent suggests agronomically superior popcorn varieties, an assumption
that will be tested in the upcoming field season.
Multiple previous maize breeding experiments have found correlations between plant,
ear, and kernel agronomic traits (Yousuf and Saleem, 2001; Ross, 2002; Malik et al.,
2005; Rafiq et al., 2010) . Similar to the correlations observed in our field trials, other
studies have observed highly positive associations between overall grain yield, ear
weight, 100-grain weight, number of rows per ear, and ear length, while other studies
have suggested insignificant or negative correlations between some of these traits (Dass
et al., 1990; Djordjevic and Ivanovic, 1996; Mandefro, 1998; Vasic et al., 2001; Hadji,
2004; Li et al., 2007; Yusuf, 2010; Bekel and Rao, 2014; Tulu, 2014; Ribeiro et al.,
2016). Though conflicting results as to the nature and extent of agronomic correlations
are not difficult to find in the literature, our study supported the prevailing notion of
moderately positive correlations between ear and yield traits. Likewise, correlations
found in this study between expansion volume and agronomic traits were negative, as has
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been observed multiple times (Brunson, 1937; Dofing et al., 1991; Ziegler and Ashman,
1994; Pereira and Amaral Júnior, 2001; Daros et al., 2002; Li et al., 2002; Li et al., 2007;
Dhliwayo; 2008; Li et al., 2008; Li et al., 2009). The genetic repeatability estimate for
100-grain weight was found at 0.683, a similar estimate to that found previously (Spaner
et al., 1992). Likewise, the genetic repeatability estimate for EV was 0.582, in agreement
with previous studies suggesting heritabilities of 0.61, 0.59, and 0.58 (Vasic et al., 2001;
Coimbra et al., 2002; Table 7). The correlation and heritability agreement between our
values and those previously observed provided confidence that, despite the occurrence of
high variance on few traits, values were suitable for evaluation and downstream analysis
and QPP hybrid selection (Table 3, Table 7, Figure 4). High correlations and
heritabilities between ear weight and ear length coupled to strong correlations with 100grain weight suggest that future trait analysis may only require measuring one value. The
measurement of ear length as a representative agronomic trait in small-scale breeding
analysis may be practical and efficient, especially considering the high genetic
repeatability and low standard error observed in this study. Moreover, the prevailing,
significant negative relationships between popcorn quality traits and all other agronomic
traits suggests that selecting for EL and vitreousness may be a tangible, successful option
to improve dent by popcorn cross agronomics while maintaining popcorn quality traits.
4.3 QPP hybrid evaluation and ranking
In our approach, we hypothesized that the preliminary screening of hybrids would
provide adequate information to simultaneously estimate inbred and hybrid general and
specific combining abilities and improve our hybrid ranking and intermediate selection
through evaluating both hybrid and inbred potential. The elucidation of parental values
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proved to be valuable when our ranking system’s best hybrids held very similar
pedigrees. To maintain germplasm diversity in future stages of selection, representative
hybrids from similar crosses were chosen based on parental breeding values. As shown
in Table 3, maternal parents 9 and 10 held higher agronomic combining abilities while
paternal parents 5 and 6 suggested superior popcorn quality trait combining abilities.
These values aided in determining the final selection of Hybrids 28 and 38 over their
reciprocals Hybrids 19 and 9, respectively. We also recognized that the use of hybrid
phenotypes to suggest inbred potential did not account for poor agronomics due to inbred
depression. QPP Inbreds 7 and 8 have characteristically poor seed set and slightly
retained dent kernel phenotype. However, both inbreds performed well as paternal
parents for Hybrids 17 and 30 and no QPP hybrid displayed a dent kernel phenotype.
The utilization of hybrid analysis for inbred potential enabled the superior hybrid
expression of inferior inbred lines like Inbreds 7 and 8. The high ranking of Hybrids 17
and 30 demonstrated this advantage. In other commonly used breeding selection
methods, such as recurrent selection, these inferior inbreds would have been selected
against in the first year of the original selection cycle (Allard, 1960).
With analysis and selection of the best QPP hybrids as the primary goal in this analysis,
we also explored the basic and applied aspects of heterosis within our 44 hybrids with
respect to their genetic relationships. The pedigrees and probable genetic architectures of
each QPP inbred line is well understood (Table 1). Hybrids with the same popcorn and
QPM parental lines were named ‘Pseudo-selfed’ to describe the only available interaction
of the same QPM and popcorn genomes. A double back-cross of the popcorn parent
suggests an 87.5:12.5 ratio of popcorn:QPM genome in the BC2 lines. Five generations
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of selfing and marker-assisted and phenotypic selection of QPM genes and QPM and
popcorn traits also warrants the probable homozygosity of a majority of the introgressed
QPM genome, at minimum surrounding the opaque-2 gene on Chromosome 7 and
essential o2 modifiers, when related lines are crossed (Holding et al., 2008; Holding et
al., 2011; Babu et al., 2015). Thus, Hybrids 5, 16, 31, and 42 were categorically grouped
as ‘Pseudo-selfed’ to describe the limited genetic diversity and interaction (Table 1). The
hybrids with the ‘Same Popcorn Background’ were assumed to have more similar genetic
composition than inbreds with the ‘Same QPM Background’ since inbreds were backcrossed twice to the original popcorn parent (Ren et al., 2018). Hybrids without
similarity in either popcorn or QPM parents were further subdivided into ‘Same Popcorn
Heterotic Pool’ and ‘Different Heterotic Pool’ categories. Popcorn Parents 2 and 3 are
from the same heterotic pool, thus Hybrids 3, 4, 10, 11, 14, 15, 21, and 22 were
categorized as hypothetically lesser in heterotic capacity than the rest of the hybrids
interacting from different pools. Overall, these five groups of hybrids were tested for
significant differences in agronomic trait values, and we observed a gradual trend in
improved agronomics as groups became more genetically diverse (Figure 5). The most
notable example of this gradual, step-wise trait improvement was observed in the number
of ears harvested per row, followed by 100-grain weight (Figure 5A and 5B). The
increased grain weight for QPP hybrids in different heterotic groups compared to hybrids
in the same QPM background is more meaningful in light of inbred comparison, in that
one hundred grain weight values for QPM inbreds were significantly higher than all
popcorn related lines (Figure 5B, Figure 3E). This comparison demonstrated the efficacy
of heterotic group delineation (Figure 3E, Figure 5B). The significant improvement in
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ear length of hybrids with the same QPM background was surprising since QPM inbreds
exhibited the shortest ears across all lines planted, and it may be an effect of extraneously
improved plant agronomics in QPM dent corn backgrounds compared to popcorn
backgrounds (Figure 5C; Figure 3C). The significant drag in ear length and number of
kernel rows per ear in popcorn related lines attested to the primary selection of expansion
volume over the course of popcorn breeding rather than agronomic capacity, and
significant improvement in these traits was observed once lines were hybridized from
different heterotic groups. Overall, this empirical trend supports the theory that heterosis
is manifest on a genetic basic and the degree of expression is largely determined by
genetic relatedness of the parents (Moll et al., 1965; Reif et al., 2003; Reif et al., 2005;
Springer and Stupar, 2007; Fu et al., 2014). However, this progression of improvement
was only observed for agronomic traits. Expansion volume and popability values in more
popcorn-related lines were superior to those of unrelated pedigrees. Additionally, lysine
contents of QPP crosses compared to those of their respective parents suggested an
additive effect (Figure 8C). Though the underlying causes of these heterotic patterns
have yet to be elucidated, grouping hybrids and observing this agronomic trend aided our
eventual selection of hybrids to favor the ‘complete hybrid’ group.
Overall, these genetic analyses were used alongside a tailored ranking system for QPP
hybrid selection. While selection indices are more commonly used for recurrent inbred
selection, it was evident that a model was needed for our hybrid analysis. Such a model
could properly manipulate the genetic potentials of multiple traits into a single sum that
could accurately represent hybrid value (Tardin et al., 2007; Marinho et al. 2014). The
ranking system utilized is similar to a Rank Summation Index in which each trait is

119
evaluated across hybrids, ranked independently, and then summed for a final ranking
value (Mulamba and Mock, 1978, Figure 6). In our model, the economic value of each
trait was partitioned through selection intensity coefficients and the genetic value was
imputed through trait value and standard deviation (Table 4). This allowed for both an
overall hybrid rank and the partitioning of rank value by trait, a distinction from other
ranking systems (Figure 7). This simple model agreed well with concurrent analyses of
our hybrids’ genetic potential and elite hybrids were narrowed quickly. Due to Inbreds 9
and 10 having superior maternal agronomic capabilities, Hybrids 28 and 38 were chosen
for continued analysis instead of their reciprocals. Hybrid 20 was also selected since it
ranked well and the agronomic pGCAs for Inbred 10 were high. Hybrid 43 came from a
relatively more diverse cross (Inbred 10 x Inbred 11), and notably had a consistent
mushroom flake type (Figure 6). Popcorn hybrid flake types are commonly classified as
either mushroom or butterfly (Eldredge and Thomas, 1959). Butterfly hybrid seed are
commonly selected for packaging and can further be classified as unilateral, bilateral, or
multilateral depending on the number and symmetry of flake branching, while popped
mushroom hybrids are preferred as marketable products due to the minimized breakage
during coating and packaging (Eldredge and Thomas, 1959; Sweley et al., 2011). This
distinction in popped flake morphology compared to the other elite hybrids made Hybrid
43 a top contender for further analysis. Finally, to sustain diversity, Hybrids 30, 25, and
17 were considered for advancement. During this portion of analysis the relatively lower
broad-sense heritability estimates, or the proportion of total phenotypic variance due to
additive, dominant, and epistatic genetic effects, for inbred lines contrasted with higher
repeatability estimates for SCA. Due to the use of hybrids to estimate inbred heritability

120
including non-additive effects, it is reasonable that SCA estimates had higher genetic
repeatability and lower standard error. Moreover, since hybrids were being evaluated, all
genetic effects were considered applicable for selection and SCA values became
paramount in the selection of elite hybrids (Table 7). The highest repeatability estimates
were identified for ear length and ear weight, though ear weight had a very high standard
error. Both of these agronomic traits estimated high SCA values for Hybrid 25 compared
to Hybrids 17 and 30, albeit not significant (Table 7). Expansion Volume SCAs for
Hybrids 17 and 30 were superior to Hybrid 25 (0.582 repeatability with high standard
error), but Hybrid 25 held a significantly better 100-grain weight (0.683 repeatability)
and significantly larger kernel size (0.676 repeatability) compared to these two hybrids
(Table 7). Hybrids 17 and 30 also included Inbreds 7 and 8 as paternal parents; QPP
inbreds that were difficult to advance due to low inbred grain fill and sustained dent
kernel phenotype. Hybrid 25 received low index sums for all traits except rot
susceptibility, a less valuable trait outweighed by other highly-correlative traits to grain
yield. Therefore, Hybrid 25 was ultimately selected for continued analysis. Other top
hybrids had notable SCA values in agronomic and popcorn quality traits. Hybrids 20 and
28 held positive 2.6 and 2.7 (cm) values for SCA in ear length, Hybrid 43 had the highest
SCA value for number of kernel rows per ear (2.265 rows, 0.673 repeatability), and
Hybrids 20, 28, and 38 all had significantly large SCA values for expansion volume,
estimated at 50.11, 48.94, and 57.98 mL/20g, respectively (Table 7). Due to superior
agronomics and confirmed quality protein, as further described, Hybrids 20, 25, 28, 38,
and 43 were chosen for continued analysis.
4.4 Elevated lysine content in QPP Hybrids across popping methods
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In conjunction with hybrid selection through agronomic and popping evaluations, ten
hybrids were chosen for amino acid profiling of free and protein-bound amino acids in
the kernel. Previous temporal studies on maize endosperm protein quality have observed
that lysine and tryptophan amino acid levels differentially decrease during kernel
maturity with high variability between genetic backgrounds (Sethi et al., 2020).
However, tryptophan and lysine levels within a genetic background correlate in relative
abundance (Hernandez and Bates, 1969; Krivanek et al., 2007; Olakojo et al., 2007).
Therefore, acidic hydrolysis, which destroys tryptophan, was conducted for proteinbound lysine determination. All free amino acids including tryptophan were recovered
and measurable. Principle Component Analyses on protein-bound and free amino acid
data demonstrated that the QPP proteome imitated that of QPM rather than the
genetically dominating popcorn background (Figure 8A and Supplementary Figure 4).
Genetic repeatability estimates including both additive and non-additive effects were
calculated per genotype for raw kernel protein-bound amino acids. Eight out of the
sixteen amino acids had high repeatability estimates above 0.700 (excluding isoleucine at
0.693), including lysine, histidine, leucine, methionine, and phenylalanine essential
amino acids. The high repeatability measurement for lysine validated downstream
selection for elevated levels. Ground raw kernel powder of the ten best QPP hybrids
revealed an average 1.45 fold increase in protein-bound lysine, and the five selected QPP
hybrids exhibited an average 1.52 fold increase in protein-bound lysine compared to
popcorn germplasm (Table 5). These fold changes of increased lysine were similarly
observed by Ren et al. with QPP inbreds, ranging from a 1.45-2.0 fold increase in the
amino acid abundance compared to original popcorn inbreds (Ren et al., 2018). The
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Food and Agriculture Organization of the United Nations recommends a 5.8% lysine
requirement in total protein for children ages 2-5 for optimum health. During QPM
hybrid production, QPM inbred pools conferred 2.7-4.5% lysine in total protein, an
improvement from 1.6-2.6% in normal maize and considered an acceptable standard for
‘Quality Protein’ Maize. In this study, protein-bound lysine accounted for ~4.65% of
total protein in QPP hybrids compared to ~2.65% in popcorn inbreds and surpassed the
previously cited range for QPM breeding pools (Vasal, 2002; Krivanek et al., 2006; Table
5).
Additionally throughout CIMMYT’s breeding of QPM, researchers understood the
necessity of monitoring the lysine and tryptophan content of raw, whole grain flour and
consumable products such as nixtamal, masa, and tortillas. After quantification,
researchers found an overall significant decrease in tryptophan and both significant and
insignificant losses of lysine in all consumable products (Vasal et al., 1986). However,
this trend was general to all tested maize lines and QPM was legitimized as effective in
conferring elevated lysine and tryptophan levels in the cooked, consumable products
(Ortega et al., 1986). Since popcorn is consumed by humans after popping, popped flake
amino acid levels were of paramount importance to evaluate and measurements are
sparse in the literature. The last available amino acid profile of oil- and air- popped
popcorn was in 1991 (Cutrufelli, 1991). Popping effect on amino acid content,
correlations between raw kernel flour and that of popped flakes, and specific effect of
each popping mechanism have remained unexplored. Analysis on popped flakes revealed
a general trend in free amino acid level decrease, while protein-bound amino acid
fluctuations were dependent on the residue. Histidine, isoleucine, leucine, lysine,
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methionine, phenylalanine, threonine, and valine are considered essential amino acids
because they are not synthesized by the human body in adequate amounts for maintained
human health (Wu, 2009). After popping by air or microwave methods, all quantified
essential amino acids except lysine and methionine increased in protein-bound abundance
compared to raw kernel flour while oil-popped flakes decreased the abundance of all
protein-bound amino acids, though confidence intervals overlapped (Tables 5, 8-10).
These results suggest that air and microwave popping may not affect amino acid
composition or abundance as severely as oil popped methods. Furthermore, proteinbound lysine was the only essential amino acid to significantly decrease after popping
(Tables 5, 8-10). With lysine already the most limiting amino acid in maize grain, this
observation reinforced the requirement for elevated lysine in the popcorn kernel to
convey higher abundance in the popped flake (Alan, 2009). The increase in both lysine
and tryptophan abundance compared to popcorn parents, maintained before and after
popping by various methods, ultimately validated the proteomic biofortification of the
Quality Protein Popcorn endosperm in its raw and popped form. On average, QPP air
popped flakes offered more lysine than original popcorn parent raw kernel flour and
approximately two times more lysine than original parent air popped flakes. In context,
the recommended intake of lysine is ~30 milligrams per kilogram of body weight per
day, which converts to approximately 2.108 grams per day for a 68 kilogram (150 pound)
individual (Elango et al, 2009). Microwavable popcorn packets use ~47 grams of
popcorn kernels per bag. When air popped, one bag of QPP hybrids would fulfill ~8.6%
of lysine daily dietary requirement while original popcorn parents would only satisfy
~4.3% (Tables 8 and 11).
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With these raw and popped kernel amino acid values, we are confident that QPP hybrids
are successfully yielding the characteristic opaque-2 endosperm proteome while
maintaining popability and improving popcorn agronomics. As introgressing dent
germplasm into popcorn has been previously difficult, we suggest a prerequisite
phenotype of highly vitreous dent endosperm for future dent by popcorn crosses that aim
to restore and maintain popcorn quality traits. This phenotype was key for rapid
restoration of QPP popability. Once at the inbred stage, hybrid production and analysis
of QPP lines was necessary to improve agronomics. The integration of inbred and hybrid
analysis proved helpful in the final determination of our elite QPP hybrids and is
transferable to various other breeding programs involved in hybrid testing and selection.
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FIGURE 1 | Comparative Endosperm Vitreousness in Dent Corn and Popcorn
Backgrounds. Wild-type, opaque-2, and modified opaque-2 maize kernels are from dent
backgrounds. QPM has a more vitreous endosperm, like popcorn, than other dent
germplasm. Popcorn has very little chalky endosperm and a round kernel morphology,
determinant characteristics for popping.
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Figure 2 | Popcorn kernel endosperm vitreousness scale. Ten grams of kernels were
randomly selected from each row of the 2019 field and scored on a continuous scale of 17, with a rank of ‘1’ being nearly complete opacity and ‘7’ as completely vitreous.
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Figure 3 | DNA-based marker aided verification of o2o2 genotype in parental inbreds.
All QPP inbred parents were genotyped with opaque-2 in-gene marker umc1066 and/or
flanking marker bnlg1200. As shown, popcorn parents encode a differentiated, wild-type
opaque2 allele while QPM parents have a lower band. All QPP inbreds shown are
crosses between Popcorn Parent 1, Popcorn Parent 3, and CML154Q and Tx807. All
inbreds displayed the alike lower band to QPM parents.
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FIGURE 4 | SDS-PAGE gel of Random QPP Hybrids Verifying o2o2 Genotype. Semiquantitative zein and non-zein extractions of random QPP hybrid kernels displayed
QPM-patterned proteomes. (A) QPP kernels 4-10 displayed a near complete knock-down
of 22kd-⍺ zein synthesis and uniformly increased synthesis of the 27kd-R zein,
confirming the maintenance of o2o2 genotype from previously established inbreds. (B)
Kernels 1 (CML154Q) and 3 (QPP Inbred 10) displayed an overall increase in non-zein
production compared to Kernel 2 (Popcorn Parent 1). Random QPP hybrid kernels also
displayed this trend, suggesting heightened lysine levels in the kernel due to the selected
mutation. PCR verification of o2o2 genotype in QPP inbreds is shown in Figure 3.
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FIGURE 5 | Comparison of QPP Hybrids and Inbreds in Agronomic and Popcorn
Quality Traits. Six agronomic and two popcorn quality traits were compared between
QPP hybrids and QPP, popcorn, and QPM inbreds. (A) Germination rate, (B) Number of
ears harvested from single rows, (C) Ear lengths, (D) Ear weight, (E) Hundred grain
weight, (F) Number of kernel rows per ear, (G) Expansion volume, and (H) Popability
were compared. Popping traits were not available for QPM dent inbreds. Significant
differences were noted at the p < 0.001, 0.001, and 0.01 levels as ‘***’, ‘**’, and ‘*’,
respectively. ‘NS’ denoted non-significant comparisons between groups if all other
comparisons were significant. Whisker length signify range of values, boxes signify
upper and lower quartiles, and the horizontal line denotes average value.

130

FIGURE 6 | Correlations and Covariances of Agronomic and Popping Traits. High
covariances and correlations were observed between multiple agronomic traits. (A)
Agronomic and Popping Trait Correlations. Diagonal line graphs show normality of trait
data. Traits correlate according to x- and y- axis labels. Dot plots under the diagonal
show simple regression of traits in x-, y- columns and rows. Standardized values in
replacement of dot plots under diagonal were obtained by using a path analysis. Values
above the diagonal are Pearson’s Correlation Coefficients of gridded, corresponding
traits. Levels of significance: p < 0.0001 ‘***’, p < 0.001 ‘**’, p < 0.05 ‘NS’. (B)
Agronomic and Popping Trait Variances and Covariances. Covariances of traits
according to row and column labeling in gridded fashion are shown above the shaded
diagonal. Trait variance is described in shaded diagonal are in trait units shown on
horizontal labels.
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FIGURE 7 | Manifestation of hybrid vigor through pedigree analysis. Pedigree-based
categorical grouping of hybrids for agronomic comparison. In order of increasing genetic
diversity, hybrids were sorted into ‘Pseudo-self’, ‘Same Popcorn’, ‘Same QPM’, ‘Hybrid:
Same Het. Pool’, and ‘Hybrid’ categories. Traits analyzed were (A) Number of ears
harvested per row, (B) 100-grain weight (g), (C) Ear length (cm), and (D) Number of
rows per ear. ‘NS’ denoted non-significant comparisons between groups with all other
comparisons as significant. Whisker length signify range of values, boxes signify upper
and lower quartiles, and the horizontal line denotes average value.

132

Figure 8 | Principle Component Analysis of QPP Hybrids, Inbreds, QPM, and Popcorn
Parents Grown in 2019 fields. Principle Component scores (PC1 and PC2) from each
variable are described as text in plot. Six clusters of pedigree categories (Self, Pseudoself, Same Popcorn Background, Same QPM Background, Hybrid: Same Het. Group, and
Hybrid) were observed.
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FIGURE 9 | Inbred and Hybrid Flake Morphology. (A) First column: maternal parent 6
(bilateral morphology); Second column: Hybrid 20; Third column: paternal parent 10.
(B) First column: maternal parent 9; Second column: Hybrid 25 (unilateral morphology);
Third column: paternal parent 3. (C) First column: maternal parent 9; Second column:
Hybrid 28 (multilateral morphology); Third column: paternal parent 6. (D) First column:
maternal parent 10; Second column: Hybrid 34 (mushroom morphology); Third column:
paternal parent 1. (E) First column: maternal parent 10; Second column: Hybrid 38; Third
column: paternal parent 5. (F) First column: maternal parent 10; Second column: Hybrid
43; Third column: paternal parent 11.
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FIGURE 10 | Categorized Results from Hybrid Ranking Model. Elite hybrids
determined from the Ranking Model are listed from left to right as summed ranking value
increases. Lower score indicates less distance from maximum trait value, i.e., Hybrid 19
ranked best compared to all hybrids. Stacked bars represent individual trait influence on
each hybrid’s overall rank.
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FIGURE 11 | Analysis of protein-bound amino acid composition in various genotypes in
flour from raw kernels. (A) Principle Component Analysis of protein-bound amino acids
in ground powder of B73, QPP Inbreds, QPP Hybrids, Popcorn, and QPM germplasms.
Various shapes represent different germplasms. (B) Protein-bound lysine (g/100g) of two
popcorn parents, two QPM parents, and 10 QPP hybrids with standard deviation error
bars. (C) Protein-bound lysine (g/100g) of QPP hybrids and respective maternal and
paternal parents. Standard errors are not shown and available in Table 5 (end of
chapter).
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Figure 12 | Principle Component Analysis of Free Amino Acids from raw Kernel Flour in
Multiple Germplasms. All amino acids were available for quantification in free form.
Three clusters arose from the data; one of popcorn parents (red), one of QPP hybrids
(blue), and one of QPP inbreds (green). Inbreds were characterized with higher proline,
aspartate, glutamate, and glutamine levels. QPP hybrids overlapped with both clusters
though most overlay occurred between QPP Inbreds and Hybrids. QPM inbreds were
present in both QPP inbred and hybrid clusters.
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FIGURE 13 | Protein-bound and free lysine content of QPP Hybrids, Inbreds, QPM, and
Popcorn Germplasm in raw kernel and popped flakes. (A) Protein-bound lysine content
(g/100g) in various germplasm samples under air, microwave, or oil popping conditions
compared to raw kernel powder. Points along vertical ‘Raw Kernel’ axis are lysine levels
from germplasm that was not popped. (B) Free lysine (g/100g) in multiple germplasm
samples under air, microwave, or oil popping conditions compared to raw kernel powder.
Correlation Coefficients between protein-bound and free lysine levels in raw kernel and
air popped flakes, air popped flakes and microwaved flakes, and microwaved flakes and
oil popped flakes were calculated and are in respective positions in bold. Genotypes with
solely a numbered label signify QPP hybrids, QPP Inbreds are named ‘Inb’ preceding
inbred number, and ‘PP1’- ‘PP4’ represent ‘Popcorn Parent 1-4’, respectively.
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Figure 14 | Free Tryptophan Values and Effect of Popping Methods. (A) Alike to
protein-bound and free lysine, free tryptophan values from raw kernel flour decreased at a
similar rate when popped by multiple methods and correlation coefficients were high
(range of 0.882 – 0.992). (B) All QPP hybrids (light green) held larger raw kernel flour
free-tryptophan values than popcorn parents (red) and potentially QPM parents (dark
green). At minimum, QPP hybrids were insignificantly different in free tryptophan
content than QPM parents.
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Inbred
K0326Y
x
Popcorn
Parent 2

5

CML154Q
x
Popcorn
Parent 1

9

6

10

CML154Q x
Popcorn
Parent 2
1
2

CML154Q x
Popcorn
Parent 3
3
4

K0326Y x
Popcorn
Parent 2
5
6

1

2

3

4

5

12

13

14

15

16

23

24

25

26

27

34

35

36

37

38

K0326Y x
Popcorn
Parent 4
7
8

CML154Q x
Popcorn
Parent 1
9
10

Tx807 x
Popcorn
Parent 3
11
12

6

7

8

9

10

11

17

18

19

20

21

22

28

29

30

31

32

33

39

40

41

43

44

42

Pseudo-selfed
Same QPM Background
Same Popcorn Background
Same Popcorn Heterotic Pool
Different Popcorn Heterotic Pool

TABLE 1 | Depiction of Inbred Lines, Hybrids, and Pedigrees. Maternal parents shown
in left two columns with pedigree history and Inbred number. Paternal parents shown
horizontally in top two rows with pedigree history and Inbred number. Forty-four
produced hybrids depicted as gridded squares and categorized by color according to
pedigree.

140
Inbred
Parents

1

2

3

4

5

5

S,u

U,m

S

S,u

6

S,u

U,m

S,u

S,u

U,s

9

U

U

U

U

M

10

S

S

S,u

S,u

U

6

7

8

9

10

11

12

U

U

S,u

U

S,u

S

U,m

M,s

U,s

M

U,m

U,s

S

U,m

U

U,s

U

U,s

S

U

U

U

S

S,u

U,m

TABLE 2 | Flake Morphologies in Hybrid Popped Flakes. One sample of 20 grams of
popped kernels were examined and flake types assigned for each hybrid. ‘S’ is
Mushroom morphology. ‘U’ is Unilateral morphology. ‘M’ is multilateral morphology.
Capital lettering suggests the prevailing flake type, while lower-case suggests a
secondary flake type, if applicable.
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Number
Hundred
Rot
of Ears Ear Number Ear Kernel
Grain
Exp. PopGermination Days to Susceptibility HarvestedLength of Rows Weight Size Vitreousness Weight Volume ability
Inbred Rate (%) Pollinating
(%)
Per Rows (cm) per Ear (g) (#/10g)
Level
(g) (mL/20g) (%)
mGCA

5

0.012

0.915

0.020

-0.653

-1.419 -0.680 -9.033 7.407

0.110

-1.030

25.788 0.002

6

0.114

0.647

0.064

0.635

-1.715 -0.897 -10.186 6.089

0.055

-0.764

30.836 0.006

9

-0.038

-0.708

-0.075

0.374

1.950

0.465 11.841 -7.732

-0.048

1.084

-35.859 -0.010

10

-0.088

-0.854

-0.010

-0.356

1.184

1.112

7.378 -5.764

-0.118

0.709

-20.765 0.003

Standard Error

0.006

0.753

0.004

0.393

2.82

0.758 105.377 51.430

0.015

0.911

966.98 0.000

Heritability

0.163

0.123

0.059

0.049

0.432

0.358

0.448 0.368

0.024

0.415

0.173

1

0.048

0.220

0.000

0.519

-1.283 -1.235 -3.867 -0.135

-0.148

0.051

18.245 -0.009

2

-0.122

1.554

0.000

-1.293

-0.334 -0.776 -5.470 2.646

-0.315

-0.258

4.426

3

0.013

-0.914

0.000

0.208

-0.215

0.658

2.234 -1.423

-0.682

0.074

-25.857 0.001

4

0.010

0.736

0.000

0.070

-1.066

0.837

1.537 0.669

-0.281

-0.134

-28.950 -0.005

5

-0.006

-0.139

0.000

-0.150

-0.023 -0.982 -4.466 5.214

0.798

-0.519

53.808 0.014

6

-0.050

0.300

0.000

-0.499

-0.042 -0.888 -4.474 4.136

0.698

-0.500

72.878 0.018

7

-0.131

0.674

0.000

-1.689

0.401

3.179 -6.910

-0.404

0.989

-26.492 0.004

8

0.048

1.105

0.000

0.346

-0.611 -0.307 -4.625 5.485

-0.266

-0.765

25.927 0.003

9

0.039

-1.315

0.000

0.697

1.330

0.561

4.611 -2.976

0.578

0.297

9.362

10

0.023

-1.126

0.000

0.306

1.670

0.523

2.197 -0.583

0.494

0.027

33.080 0.020

11

0.075

-0.688

0.000

0.795

-0.343

0.920

3.512 -1.237

-0.531

0.067

-57.287 -0.009

12

0.054

-0.407

0.000

0.691

0.515

0.422

5.632 -4.887

0.059

0.671

-79.139 -0.039

Standard Error

0.003

0.473

0.00

0.401

0.447

0.298

11.77

9.07

0.119

0.146

947.81 0.0001

Heritability

0.117

0.138

0.000

0.092

0.124

0.274

0.086 0.115

0.445

0.119

0.322

pGCA

0.267

TABLE 3 | maternal and paternal General Combining Abilities and Broad-Sense
Heritability of all Traits. mGCA and pGCA values for all traits are listed as columns
with broad-sense heritability estimates shown in gray. All combining ability estimates
are in units according to trait calculated.

0.026

-0.008

0.009

0.123
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Trait

Weight Value ( Ii )

Germination Rate (%)

0.7

Days to Pollination (days)

0

Pest/Rot Susceptibility

0.5

Number of Ears Harvested

0.6

Ear Length (cm)

0.5

Number of Rows per Ear

0.4

Ear Weight (g)

0.8

Kernel Size

0

100-Grain Weight

0.7

Vitreousness

0.6

Pop-ability

0.85

Expansion Volume (mL/g)

0.85

TABLE 4 | Relative trait weighting values for ranking model. Traits were ranked
according to economic value with scores ranging from 0-1 in increasing importance.
Popcorn quality traits were ranked highest followed by yield and agronomic traits.
Number of Days to Pollination was not used to determine rank since it held minimal
economic value. Kernel size was a repetitive measure of 100-grain weight and was not
used to rank hybrids.

Ala

Arg

Asx

Glx
Gly

His

Ile
Leu

Lys

Met
Phe

Pro

Ser
Thr

Tyr

Val

0.379±0.035 0.498±0.032

0.636±0.016 0.496±0.064
0.843±0.021 0.488±0.032
0.634±0.048 0.457±0.029
0.667±0.039 0.444±0.057

0.708±0.12 0.498±0.088
0.73±0.065 0.513±0.058
0.67±0.049 0.469±0.021
0.624±0.014 0.517±0.04
0.666±0.072 0.493±0.072
0.705±0.065 0.509±0.041
0.71±0.053 0.528±0.035
0.702±0.067 0.51±0.046

QPP Inbred 11
QPP Inbred 12
QPP Hybrid 8
QPP Hybrid 9

QPP Hybrid 19
QPP Hybrid 20
QPP Hybrid 23
QPP Hybrid 25
QPP Hybrid 28
QPP Hybrid 30
QPP Hybrid 38
QPP Hybrid 43

0.868±0.204
0.981±0.137
1.001±0.199
0.895±0.135
0.839±0.169
0.813±0.094
0.964±0.171
0.97±0.186

0.888±0.149
0.88±0.056
0.805±0.101
0.865±0.087

0.955±0.185
1.496±0.026
0.967±0.026
0.869±0.151
0.985±0.208
0.908±0.053
0.8±0.014
0.801±0.011
1.512±0.033
1.27±0.021
0.64±0.007
0.785±0.039

2.005±0.23
2.128±0.117
2.073±0.163
1.998±0.074
2.041±0.242
2.048±0.098
2.061±0.148
2.073±0.131

2.049±0.041
2.311±0.06
1.911±0.049
1.972±0.083

2.16±0.213
2.447±0.097
2.247±0.043
1.828±0.158
2.258±0.011
2.33±0.044
2.07±0.083
2.016±0.02
2.847±0.074
2.603±0.158
1.766±0.132
1.906±0.115

0.828±0.117
0.946±0.045
0.85±0.054
0.839±0.084
0.813±0.143
0.817±0.01
0.9±0.116
0.819±0.087

0.736±0.071
0.87±0.035
0.826±0.121
0.856±0.103

0.866±0.125
0.99±0.032
0.876±0.104
0.724±0.076
0.797±0.052
0.935±0.036
0.803±0.027
0.803±0.071
1.13±0.105
1.033±0.091
0.782±0.009
0.867±0.018

0.577±0.047
0.582±0.037
0.534±0.014
0.548±0.03
0.57±0.035
0.542±0.035
0.555±0.029
0.52±0.017

0.49±0.004
0.535±0.006
0.562±0.049
0.535±0.028

0.576±0.024
0.571±0.019
0.527±0.031
0.486±0.015
0.504±0.037
0.486±0.017
0.523±0.014
0.546±0.012
0.539±0.016
0.606±0.023
0.512±0.037
0.525±0.026

0.474±0.074
0.512±0.036
0.457±0.028
0.421±0.011
0.474±0.053
0.472±0.025
0.478±0.04
0.474±0.022

0.436±0.001
0.49±0.001
0.417±0.026
0.451±0.027

0.487±0.047
0.609±0.059
0.448±0.034
0.378±0.027
0.457±0.062
0.424±0.031
0.414±0.05
0.47±0.034
0.62±0.013
0.656±0.068
0.414±0.026
0.48±0.022

1.192±0.185
1.327±0.082
1.165±0.083
1.03±0.032
1.223±0.154
1.214±0.106
1.217±0.106
1.175±0.072

1.046±0.028
1.258±0.026
1.114±0.063
1.202±0.063

1.257±0.141
1.56±0.231
1.166±0.115
0.919±0.112
1.052±0.16
0.969±0.172
1.073±0.135
1.128±0.055
1.674±0.024
1.726±0.251
1.034±0.103
1.155±0.05

0.525±0.077
0.558±0.047
0.504±0.014
0.536±0.042
0.524±0.047
0.539±0.039
0.552±0.024
0.589±0.03

0.644±0.04
0.635±0.015
0.477±0.017
0.469±0.045

0.589±0.066
0.667±0.002
0.503±0.018
0.502±0.044
0.557±0.06
0.591±0.04
0.491±0.008
0.563±0.047
0.61±0.007
0.65±0.02
0.485±0.018
0.551±0.016

0.126±0.013
0.138±0.017
0.124±0.006
0.132±0.012
0.119±0.021
0.143±0.022
0.137±0.014
0.149±0.019

0.131±0.005
0.141±0
0.125±0.015
0.128±0.019

0.166±0.013
0.15±0.009
0.122±0.011
0.111±0.005
0.133±0.005
0.14±0.006
0.11±0.004
0.104±0.005
0.127±0
0.154±0.002
0.106±0.014
0.132±0.006

0.536±0.071
0.571±0.026
0.519±0.036
0.474±0.012
0.529±0.071
0.534±0.029
0.54±0.037
0.533±0.033

0.484±0.022
0.548±0.023
0.495±0.028
0.525±0.026

0.545±0.05
0.663±0.046
0.503±0.033
0.446±0.064
0.49±0.073
0.463±0.013
0.476±0.063
0.514±0.062
0.698±0
0.692±0.102
0.451±0.034
0.534±0.04

1.097±0.063
1.136±0.057
1.082±0.022
1.059±0.05
1.126±0.088
1.121±0.076
1.107±0.061
1.109±0.044

1.112±0.02
1.192±0.018
1.055±0.065
1.051±0.039

1.168±0.088
1.132±0.08
1.12±0.032
0.98±0.05
1.014±0.003
1.059±0.085
1.131±0.049
1.167±0.017
1.211±0.029
1.367±0.075
1.027±0.093
1.045±0.035

0.548±0.07
0.591±0.031
0.532±0.023
0.513±0.035
0.559±0.064
0.557±0.04
0.558±0.048
0.546±0.023

0.527±0.017
0.603±0.009
0.505±0.031
0.52±0.033

0.611±0.069
0.689±0.053
0.518±0.024
0.485±0.042
0.53±0.065
0.521±0.033
0.504±0.042
0.539±0.033
0.696±0.033
0.73±0.114
0.485±0.046
0.523±0.022

0.496±0.069
0.54±0.033
0.476±0.018
0.482±0.024
0.51±0.051
0.528±0.034
0.527±0.03
0.55±0.04

0.584±0.011
0.596±0.001
0.472±0.023
0.483±0.027

0.543±0.062
0.604±0.049
0.483±0.009
0.43±0.051
0.531±0.047
0.523±0.005
0.467±0.028
0.497±0.046
0.622±0.005
0.646±0.058
0.461±0.027
0.471±0.034

0.322±0.022
0.331±0.012
0.299±0.018
0.293±0.016
0.286±0.045
0.307±0.024
0.29±0.032
0.301±0.022

0.296±0.018
0.353±0.012
0.316±0.033
0.309±0.026

0.307±0.023
0.351±0.016
0.302±0.034
0.251±0.011
0.274±0.012
0.293±0
0.273±0.052
0.309±0.023
0.386±0.039
0.392±0.074
0.274±0.015
0.327±0.022

0.563±0.06
0.583±0.04
0.532±0.013
0.542±0.024
0.565±0.052
0.562±0.029
0.571±0.038
0.55±0.013

0.541±0.012
0.605±0.001
0.521±0.024
0.529±0.029

0.603±0.052
0.63±0.023
0.53±0.042
0.488±0.031
0.538±0.051
0.527±0.014
0.52±0.015
0.564±0.041
0.641±0.002
0.717±0.036
0.525±0.038
0.561±0.038

Table 5: Protein-Bound Amino Acid Values (g/100g) in Raw Kernel Flour. Protein-bound amino acid values of sixteen amino acids are
recorded. Aspartate and asparagine (Asx), glutamine and glutamate (Glx), Serine, and Tryptophan are destroyed during acidic hydrolysis, the
procedure used for amino acid quantification. Standard deviations were calculated by two-six biological replications, dependent on genotype.
Lysine levels are shaded in gray.

0.751±0.107 0.585±0.057
0.874±0.109 0.632±0.046
0.674±0.05 0.401±0.045
0.57±0.033 0.489±0.046
0.722±0.071 0.449±0.038
0.67±0.066 0.454±0.001
0.599±0.045 0.427±0.011
0.684±0.089 0.448±0.036
1.045±0.031 0.546±0.024
0.951±0.087 0.638±0.017
0.617±0.065 0.424±0.055
0.643±0.023 0.454±0.066

K0326Y
Tx807
QPP Inbred 1
QPP Inbred 2
QPP Inbred 3
QPP Inbred 4
QPP Inbred 5
QPP Inbred 6
QPP Inbred 7
QPP Inbred 8
QPP Inbred 9
QPP Inbred 10

Popcorn Parent 4 1.385±0.035 0.402±0.017 0.861±0.002 3.145±0.189 1.222±0.035 0.458±0.017 0.802±0.02 2.617±0.171 0.363±0.049 0.236±0.009 0.817±0.05 1.321±0.077 0.832±0.04 0.628±0.038 0.574±0.008 0.662±0.012
B73
0.92±0.041 0.46±0.02
0.735±0.041 2.369±0.108 0.924±0.07 0.439±0.017 0.554±0.041 1.65±0.096 0.457±0.033 0.209±0.007 0.636±0.025 1.078±0.054 0.64±0.023 0.523±0.031 0.373±0.006 0.538±0.028
CML154Q
0.754±0.058 0.57±0.033 1.098±0.133 2.233±0.161 0.93±0.029 0.541±0.026 0.509±0.051 1.187±0.173 0.629±0.022 0.153±0.007 0.557±0.037 1.183±0.102 0.586±0.04 0.548±0.04 0.311±0.034 0.6±0.007

0.591±0.034 0.413±0.037 0.5±0

0.638±0.061 0.5±0.042

Popcorn Parent 3 0.996±0.012 0.354±0.002 0.685±0.006 2.446±0.048 0.804±0.009 0.385±0.015 0.563±0.004 1.848±0.042 0.415±0.015 0.196±0.004 0.667±0.027 1.216±0.003 0.658±0

Popcorn Parent 2 0.963±0.126 0.362±0.025 0.664±0.047 2.449±0.201 0.886±0.115 0.394±0.015 0.58±0.059 1.852±0.177 0.326±0.018 0.194±0.02 0.652±0.051 1.1±0.069

Popcorn Parent 1 1.101±0.052 0.358±0.023 0.793±0.056 2.751±0.075 0.952±0.08 0.452±0.014 0.647±0.044 2.084±0.123 0.372±0.026 0.257±0.021 0.71±0.014 1.267±0.058 0.692±0.03 0.589±0.049 0.461±0.034 0.557±0.02

Genotype
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0.0211±0
0.0407±0.0034
0.0268±0.0024
0.0295±0.0021
0.0713±0.0078
0.0704±0.0137
0.0676±0.0059
0.0486±0.0012
0.0443±0.0113
0.0422±0.0065
0.0682±0.0118
0.0598±0.012
0.0548±0.008
0.0598±0.0035
0.0442±0.0032
0.0667±0.0004
0.0648±0.0049
0.0369±0.0071
0.0954±0.0035
0.0636±0.0114
0.0704±0.0096
0.0698±0.0079
0.0629±0.0089
0.0614±0.0081
0.0576±0.0142
0.0703±0.0122
0.0693±0.0124
0.0605±0.0081
0.0635±0.0061

0.0187±0.0011 0.0063±0.0003

0.0046±0.0016 0.0052±0.0001
0.0023±0.0004 0.0074±0.0015

0.0072±0.0023 0.0072±0.0012
0.0205±0.0068 0.0396±0.0019
0.0295±0.0093

0.0274±0.0198 0.0283±0.0004

0.0046±0.0003 0.0113±0.0014
0.0339±0.0201 0.0417±0.0046
0.0931±0.0423 0.0346±0.0035

0.0152±0.0023 0.0292±0.0011
0.05±0.024
0.036±0.0009

0.0532±0.0036 0.0409±0.0002
0.0176±0.0103 0.0336±0.0028

0.0114±0.0032 0.0354±0.0032

0.0637±0.0134 0.0551±0.0017
0.0146±0.0035 0.0528±0.0065

0.0041±0.0001 0.0182±0.0011

0.0134±0.0011 0.0344±0.0004
0.0066±0.0011 0.0247±0.0058
0.0235±0.0046
0.0186±0.0054
0.0243±0.002
0.0201±0.0059

0.0101±0.005

0.0089±0.002
0.014±0.0036

0.0167±0.009
0.007±0.0014

0.012±0.0044 0.0131±0.006
0.0071±0.0023 0.0213±0.0081

0.0121±0.0033 0.0265±0.0063

0.0063±0.0012 0.0216±0.0043
0.0068±0.0029 0.0171±0.0069

Asn
0.0235±0.0027

Arg

0.0054±0.0008 0.0059±0.0004

Ala

0.0677±0.0215
0.0646±0.0149

0.0809±0.0207

0.0688±0.0322
0.0624±0.0226

0.1068±0.0349
0.0692±0.0253

0.0721±0.0102
0.1053±0.0158

0.1004±0.0065
0.0676±0.0189

0.0214±0.0091

0.1561±0.0068
0.0931±0.0379

0.0766±0.0129

0.1637±0.0131
0.1047±0.0027

0.1067±0.0203
0.1332±0.0213

0.029±0.0022
0.1151±0.0011
0.116±0.0058

0.1289±0.0022

0.0711±0.0325

0.0155±0.0056
0.1241±0.0088

0.0084±0.0023
0.0046±0.0013

0.0101±0.0023

0.004±0.0002

Asp

0.0112±0.0101
0.014±0.0198

0.0399±0.0433

0.0214±0.0262
0.0079±0.0089

0.0702±0.0704
0.0137±0.0173

0.0075±0.0073
0.0517±0.0423

0.0217±0.0085
0.0064±0.0054

0.0051±0.0004

0.1082±0.0229
0.0084±0.0092

0.0227±0.0256

0.1724±0.0445
0.0819±0.0834

0.0511±0.0093
0.1658±0.0847

0.0047±0.0006
0.0787±0.0373
0.0677±0.0228

0.099±0.0761

0.015±0.0153

0.0035±0.001
0.0958±0.0366

0.0081±0.0061
0.0023±0.0005

0.0031±0

0.0001±0

Gln

0.0484±0.0261
0.0519±0.0223

0.0928±0.0404

0.0648±0.036
0.0513±0.0222

0.0932±0.0484
0.0532±0.0281

0.0535±0.0234
0.0932±0.0262

0.0898±0.0075
0.0508±0.0228

0.0362±0.0023

0.292±0.0241
0.0907±0.0473

0.0949±0.0627

0.2373±0.0174
0.1398±0.0637

0.1248±0.0098
0.2007±0.0464

0.031±0.0016
0.1855±0.0048
0.1715±0.0277

0.1588±0.053

0.0433±0.0237

0.0316±0.0031
0.1199±0.0146

0.0146±0.0034
0.0173±0.0025

0.0132±0.0037

0.0047±0.0002

Glu

0.0218±0.0081
0.0242±0.0045

0.0292±0.0049

0.0227±0.0098
0.0241±0.0074

0.0279±0.0061
0.0226±0.0071

0.0251±0.0057
0.0306±0.0011

0.0321±0.0007
0.0232±0.0062

0.0151±0.0102

0.0486±0.0003
0.0393±0.0082

0.0352±0.0169

0.0343±0.0002
0.0315±0.0016

0.0335±0.0009
0.034±0.0019

0.0103±0.0004
0.0434±0.0014
0.0483±0.0062

0.0335±0.0005

0.0235±0.0073

0.0089±0.002
0.0308±0.0011

0.0057±0.001
0.0059±0.0013

0.0064±0.0003

0.0015±0.0003

Gly

0.0062±0.0016
0.0059±0.0019

0.0087±0.0021

0.0073±0.0022
0.0075±0.0024

0.009±0.0023
0.0071±0.0015

0.0077±0.0013
0.0083±0.0032

0.0145±0.0014
0.0075±0.0022

0.0048±0.0007

0.0201±0.0004
0.0149±0.0027

0.0093±0.002

0.019±0.0076
0.0114±0.0022

0.0078±0.0019
0.0195±0.0006

0.0055±0.0019
0.0101±0.002
0.0108±0.0004

0.0087±0.0019

0.0119±0.0045

0.0029±0.001
0.0132±0.0026

0.0045±0.0012
0.0022±0.0005

0.0045±0

0.0024±0.0003

His

0.0003±0
0.0004±0.0001

0.0009±0.0001

0.0006±0.0001
0.0005±0.0001

0.0013±0.001
0.0005±0

0.0006±0.0001
0.001±0.0004

0.0015±0.0002
0.0005±0.0001

0.0015±0

0.0041±0.0003
0.001±0.0002

0.002±0.0006

0.0029±0.0006
0.0013±0.0004

0.0008±0.0003
0.0014±0.0005

0.001±0
0.002±0.0006
0.0045±0

0.0027±0.0024

0.0029±0.0026

0.0006±0.0001
0.0033±0.0013

0.0005±0
0.0001±0

0.0007±0

0.0004±0.0001

Ile

0.0008±0.0002
0.0008±0.0004

0.0015±0.0005

0.0013±0.0008
0.0009±0.0002

0.0036±0.0032
0.0009±0.0005

0.0008±0.0001
0.0028±0.0015

0.0033±0.0004
0.0009±0.0004

0.0011±0

0.0093±0.0011
0.0012±0.0005

0.0021±0.0011

0.0102±0.0004
0.0034±0.0019

0.0023±0.0004
0.006±0.0047

0.0008±0
0.0055±0.0036
0.0133±0.0019

0.0061±0.0046

0.0031±0.0027

0.0007±0.0001
0.0065±0.0032

0.0005±0
0.0002±0

0.001±0.0002

0.0005±0

Leu

Table 6: Free Amino Acid Values (g/100g) in Raw Kernel Flour. Free amino acid values of all twenty amino acids are recorded. Standard
deviations were calculated by two-six biological replications, dependent on genotype.

Popcorn Parent 4
Popcorn Parent 3
Popcorn Parent 1
Popcorn Parent 2
B73
CML154Q
K0326Y
QPP Inbred 1
QPP Inbred 10
QPP Inbred 11
QPP Inbred 12
QPP Inbred 2
QPP Inbred 3
QPP Inbred 4
QPP Inbred 5
QPP Inbred 6
QPP Inbred 7
QPP Inbred 8
QPP Inbred 9
Tx807
Hybrid 19
Hybrid 20
Hybrid 23
Hybrid 25
Hybrid 28
Hybrid 30
Hybrid 38
Hybrid 43
Hybrid 8
Hybrid 9
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0.0008±0.0001
0.0005±0.0001
0.0011±0.0001
0.0094±0.0033
0.0027±0.0019
0.0053±0.0034
0.0008±0

0.0029±0.0001 0.0002±0.0001
0.0028±0.0005 0.0001±0

0.0029±0.0005 0.0004±0.0001

0.0266±0.0058 0.0029±0.0015

0.0214±0.01
0.0007±0.0007
0.0162±0.0071 0.0035±0.0032

0.006±0.0003
0.0048±0
0.0029±0.0009
0.0055±0.0021
0.0068±0.0001
0.0039±0.0016
0.0024±0.001
0.0066±0.0011
0.0022±0.0016
0.0011±0.0004
0.0054±0.0001
0.0019±0.0008
0.0021±0.0006
0.0047±0.0023
0.0049±0.0032

0.0315±0.0079 0.0036±0.0007

0.0123±0.0003 0.001±0.0008

0.0226±0.0027 0.0016±0.0005

0.0302±0.0037 0.0021±0.0006

0.0155±0.0064 0.0018±0.0012
0.0141±0.0055 0.0007±0.0003

0.0486±0.0072 0.0055±0.0007

0.0257±0.0079 0.0008±0.0008

0.0089±0.0019 0.0001±0
0.0254±0.0013 0.0006±0.0001

0.0116±0.0025 0.0002±0

0.0126±0.0016 0.0002±0

0.0115±0.004
0.015±0.005
0.0017±0.0011
0.0023±0.0013
0.0017±0.0011
0.0034±0.0013
0.0021±0.0014
0.0016±0.0008

0.0123±0.0024 0.0002±0

0.0085±0.0025 0.0002±0.0001

0.0137±0.0033 0.0001±0
0.0153±0.0048 0.0003±0.0001

0.0096±0.0016 0.0001±0

0.0096±0.0036 0.0002±0.0001

0.0006±0.0004
0.0007±0.0007

0.0048±0.0006

0.0177±0.0028 0.0007±0.0005

0.0001±0

0.002±0.0003

0.0038±0.0005 0.0002±0

Phe
0.0006±0

Met

0.0031±0.0005 0.0001±0

Lys

0.0505±0.0172

0.0655±0.0176

0.0673±0.0102
0.106±0.0285

0.1095±0.0128

0.0686±0.0188

0.1035±0.0246
0.0957±0.0256

0.078±0.023

0.0717±0.0161

0.0853±0.0183
0.0385±0.006

0.0809±0.0173

0.112±0.0118

0.1041±0.0349
0.1116±0.0352

0.1509±0.0013

0.0986±0.0713

0.1267±0.0177

0.1205±0.0086

0.1554±0.0323

0.1015±0.0115

0.0814±0.0286
0.1297±0.0423

0.1691±0.0681

0.0393±0.0102

0.0135±0.0073
0.0043±0.0031

0.052±0.0046

0.0138±0.0009

Pro

0.0026±0.0015

0.0023±0.0014

0.0025±0.0015
0.0042±0.0023

0.0038±0.0032

0.0027±0.0016

0.0078±0.005
0.0096±0.0095

0.0028±0.0015

0.0028±0.0016

0.0014±0.0008
0.0107±0.0011

0.0052±0.0031

0.0384±0.0033

0.0105±0.0043
0.0058±0.0003

0.0255±0.0052

0.0238±0.0147

0.0071±0.0023

0.0335±0.006

0.0126±0.0046

0.0009±0.0001

0.0111±0.0081
0.0155±0.0108

0.0151±0.009

0.0021±0.0006

0.0022±0.0008
0.0027±0.0012

0.0077±0.0004

0.0011±0.0001

Ser

0.0025±0.0003

0.0022±0.0005

0.0029±0.0005
0.0031±0.0003

0.0024±0.0004

0.0024±0.0001

0.0029±0.0005
0.0035±0.0003

0.003±0.0004

0.0027±0.0004

0.0017±0.0001
0.0028±0.0002

0.0032±0.0006

0.0044±0.0004

0.0023±0.0003
0.0027±0.0004

0.0034±0.0005

0.0043±0.0005

0.0026±0.0006

0.002±0.0001

0.0027±0.0011

0.0025±0.0001

0.0019±0.0003
0.0033±0.0024

0.0035±0.0009

0.001±0.0002

0.001±0.0001
0.0008±0.0001

0.0008±0

0.0013±0

Trp

0.0038±0.0022

0.0032±0.0016

0.0032±0.0015
0.0055±0.0036

0.005±0.0039

0.0033±0.0023

0.0096±0.0056
0.0094±0.0081

0.0037±0.0015

0.0035±0.0022

0.0021±0.0002
0.0112±0.0015

0.0059±0.0046

0.0344±0.0006

0.0085±0.0032
0.0049±0.0021

0.0286±0.0059

0.021±0.003

0.0065±0.0002

0.0317±0.0042

0.0166±0.0017

0.0018±0.0004

0.0047±0.0031
0.0191±0.0156

0.0113±0.0051

0.0007±0.0002

0.0009±0.0002
0.0008±0.0002

0.002±0

0.0008±0.0001

Thr

0.0063±0.0021

0.006±0.0028

0.0089±0.0033
0.0143±0.0037

0.0121±0.0049

0.0076±0.0029

0.0122±0.0035
0.0166±0.0087

0.0087±0.0024

0.0065±0.0015

0.005±0.0004
0.0134±0.0014

0.0101±0.004

0.0217±0.0002

0.0085±0.0024
0.007±0.0015

0.0182±0.0017

0.0174±0.0041

0.0098±0.0029

0.0092±0.0005

0.0121±0.0017

0.0047±0.0006

0.0096±0.003
0.0128±0.0063

0.0304±0.0082

0.0049±0.0024

0.0021±0.0002
0.0017±0.0002

0.0032±0.0002

0.0024±0.0001

Tyr

0.002±0.0006

0.0015±0.0002

0.0019±0.0003
0.003±0.0007

0.0026±0.0014

0.0021±0.0006

0.0041±0.0015
0.0051±0.0034

0.0022±0.0003

0.0019±0.0005

0.0023±0
0.005±0.0005

0.0026±0.0017

0.0156±0.0001

0.0052±0.0022
0.0043±0.0022

0.0111±0.0015

0.007±0.0027

0.0034±0.0005

0.0116±0.0023

0.0053±0.0022

0.0017±0.0001

0.0045±0.0032
0.0076±0.0041

0.0094±0.0032

0.0015±0.0001

0.0011±0.0001
0.0007±0

0.0015±0

0.0011±0.0001

Val

0.0002±0

0.0002±0

0.0002±0
0.0002±0.0001

0.0002±0

0.0001±0

0.0003±0.0001
0.0003±0.0001

0.0001±0

0.0001±0

0.0001±0
0.0004±0

0.0004±0.0003

0.0004±0.0002

0.0003±0.0001
0.0004±0.0002

0.0009±0.0001

0.0005±0.0001

0.0003±0

0.0011±0.0002

0.0008±0.0001

0.0001±0

0.0002±0
0.0005±0.0003

0.0005±0

0.0001±0

0.0001±0
0.0001±0

0.0001±0

0.0001±0

Cys

Table 6 Continued: Free Amino Acid Values (g/100g) in Raw Kernel Flour. Free amino acid values of all twenty amino acids are recorded. Standard
deviations were calculated by two-six biological replications, dependent on genotype.

Popcorn Parent 4
Popcorn Parent 3
Popcorn Parent 1
Popcorn Parent 2
B73
CML154Q
K0326Y
QPP Inbred 1
QPP Inbred 10
QPP Inbred 11
QPP Inbred 12
QPP Inbred 2
QPP Inbred 3
QPP Inbred 4
QPP Inbred 5
QPP Inbred 6
QPP Inbred 7
QPP Inbred 8
QPP Inbred 9
Tx807
Hybrid 19
Hybrid 20
Hybrid 23
Hybrid 25
Hybrid 28
Hybrid 30
Hybrid 38
Hybrid 43
Hybrid 8
Hybrid 9
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Number of
Number
Ears
of Rows
Germination Days to
Rot
Ear
Hybrid
Rate
Pollinating Susceptibility Harvested Length per Ear
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
Standard Error
Genetic Repeatability

-0.037
-0.270
0.140
0.097
-0.078
-0.510
0.104
0.160
0.128
0.202
0.197
0.114
0.061
0.135
0.165
-0.027
0.162
0.129
0.141
0.157
0.046
0.139
0.040
-0.168
0.051
0.029
-0.138
0.030
-0.037
0.055
-0.205
-0.006
-0.054
0.093
-0.153
-0.268
-0.247
0.144
-0.121
-0.185
-0.079
-0.169
0.084
-0.048
0.006
0.566

2.076
2.976
-1.004
1.163
3.825
1.422
2.304
-1.797
-0.472
-0.810
0.175
2.418
3.368
-0.852
0.517
3.140
1.962
2.342
-2.677
-2.487
-0.624
-0.244
-1.042
-0.092
-1.156
0.479
-1.427
-2.826
-0.320
0.897
-0.814
-0.510
-0.890
-2.753
0.061
-0.966
0.669
-2.411
-0.481
0.061
-1.194
0.061
-1.139
-0.928
0.772
0.465

-0.022
0.024
0.053
0.036
0.028
-0.013
-0.049
-0.047
0.019
0.020
0.067
0.022
-0.010
0.078
0.063
-0.004
0.027
0.013
0.035
0.028
0.030
0.120
0.002
-0.013
-0.075
-0.055
-0.101
0.072
-0.023
-0.001
-0.075
-0.079
-0.113
0.034
0.016
-0.025
0.017
0.065
-0.020
-0.036
-0.017
-0.039
-0.017
-0.036
0.002
0.078

-1.142
-4.236
0.081
0.297
-2.221
-5.603
1.089
1.808
0.801
0.945
1.089
0.153
0.657
0.585
1.376
-1.142
1.017
0.009
2.168
1.520
0.009
0.585
1.664
-0.782
1.880
0.081
-0.830
1.376
-0.494
0.729
-1.286
0.801
0.873
1.520
-0.998
-1.646
-1.430
1.448
-0.782
-1.933
-0.351
-1.646
1.592
0.369
0.731
0.345

-3.261
-1.642
-1.501
-1.666
-4.573
-2.622
-2.909
2.376
2.345
-1.237
-1.711
-4.015
-1.715
-1.687
-3.159
-3.597
-2.324
-2.745
2.127
2.637
-1.884
-1.528
0.943
1.795
1.637
1.068
2.318
2.702
3.106
2.061
1.223
1.141
3.313
1.175
0.505
1.139
-0.497
1.603
1.752
1.563
1.420
0.571
1.000
2.752
1.17
0.716

-1.841
-2.027
-0.167
-0.034
-2.370
-1.195
-0.581
0.546
0.621
0.223
-0.997
-2.575
-1.782
-0.293
0.116
-2.476
-0.533
-0.925
-0.225
0.204
-0.298
-0.645
-0.725
-0.287
1.413
1.838
-0.661
-0.586
0.492
-0.362
0.849
1.718
1.427
0.204
0.920
1.787
1.475
0.151
0.140
1.101
0.693
1.405
2.265
1.998
0.366
0.673

Ear
Weight

Kernel
Size

-18.283
-25.041
-5.694
-3.716
-29.536
-2.570
-14.350
9.909
8.096
-6.276
-7.679
-23.254
-19.941
-7.342
-9.107
-29.301
-8.613
-16.935
9.178
6.771
-6.388
-4.402
12.595
9.770
16.628
17.377
7.919
9.367
16.712
4.791
-6.119
18.423
18.797
11.252
8.333
7.619
2.915
5.027
1.746
4.903
5.212
-0.890
11.506
20.589
41.73
0.728

10.831
16.319
2.639
3.886
27.055
-1.981
16.520
-2.967
-1.805
5.986
0.038
10.553
9.818
2.226
9.699
31.190
-0.029
15.242
-6.284
-5.455
1.070
-2.503
-10.644
-6.910
-7.374
-8.543
-8.657
-6.365
-15.752
-2.810
4.893
-9.479
-9.928
-11.778
-5.632
-4.281
-2.226
-4.594
-2.834
-9.084
-4.896
-1.759
-3.534
-9.862
23.967
0.676

Vitreous Hundred
ness
Grain
Pop- Expansion
Level
Weight Ability Volume
0.855
0.395
-0.595
-0.025
0.316
-0.074
-0.106
0.903
0.819
-0.908
-0.166
0.382
0.198
-1.077
-0.209
0.791
-0.077
0.043
0.668
0.717
-0.642
0.044
-0.262
-0.378
-0.191
-0.436
0.646
0.929
-0.652
-0.246
0.091
-0.355
0.213
-1.359
-1.206
-0.635
-0.224
1.098
0.956
-0.349
-0.545
0.310
0.006
0.340
0.0874
0.684

-1.686
-2.060
-0.528
-0.727
-2.879
0.049
-2.071
0.270
0.111
-0.947
-0.245
-1.495
-1.264
-0.491
-1.124
-3.200
-0.210
-1.838
0.716
0.710
-0.267
0.265
1.591
0.970
0.937
1.094
1.153
0.668
2.548
0.176
-0.657
1.244
1.740
1.912
0.859
0.503
0.206
0.312
0.154
1.252
0.426
0.150
0.360
1.316
4.444
0.683

0.016
0.005
-0.002
0.002
0.017
0.006
0.010
0.010
0.020
-0.003
-0.059
0.006
0.015
-0.004
-0.008
0.022
0.013
0.021
0.015
0.019
-0.003
-0.038
-0.032
-0.013
-0.001
-0.010
-0.003
0.014
-0.012
-0.009
0.018
-0.014
-0.046
-0.017
-0.028
0.014
0.003
0.023
0.022
0.012
-0.009
0.002
-0.006
0.013
0.0001
0.201

94.932
99.905
-8.857
-17.113
112.069
3.366
52.473
28.098
71.737
-59.179
-100.851
85.890
53.259
-18.292
-10.429
119.700
28.491
74.095
35.934
50.114
-29.693
-56.820
-30.873
-34.411
-39.129
-54.068
-8.464
48.935
-76.084
2.151
-14.754
-69.400
-109.500
-67.435
-76.084
-24.976
-21.830
57.977
68.198
-26.155
-15.933
-26.155
-56.820
-34.018
862.378
0.582

Table 7: Specific Combining Ability (SCA) and genetic repeatability estimates for all recorded traits. Specific
Combining Ability and genetic repeatability estimates were found with ASReml-R software. High SCAs were
noted in elite hybrids, shaded in gray. High repeatabilities were calculated for ear length and ear weight.
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Ala

Arg

Asx

Glx

Gly

His

Ile

Leu

Lys

Met

Phe

Pro

Ser

Thr

Tyr

Val

1.254±
Popcorn Parent 4 0.144

0.365±
0.061

0.807±
0.057

3.085±
0.087

1.159±
0.076

0.451±
0.022

0.783±
0.073

2.48±
0.194

0.206±
0.043

0.193±
0.029

0.809
±0.033

1.291±
0.091

0.773±
0.074

0.6±
0.071

0.486
±0.053

0.66±
0.044

1.056±
Popcorn Parent 3 0.024

0.31±
0.024

0.7±
0.031

2.591±
0.092

0.909±
0.018

0.402±
0.009

0.659±
0.029

2.006±
0.117

0.173±
0.017

0.196±
0.005

0.698±
0.018

1.168±
0.06

0.667±
0.023

0.547±
0.034

0.445±
0.031

0.555±
0.018

1.248±
Popcorn Parent 1 0.037

0.379±
0.022

0.795±
0.026

3.077±
0.165

1.089±
0.016

0.499±
0.017

0.755±
0.053

2.388±
0.148

0.197±
0.013

0.259±
0.035

0.788±
0.025

1.386±
0.054

0.783±
0.048

0.616±
0.027

0.515±
0.043

0.65±
0.026

0.991±
Popcorn Parent 2 0.1

0.295±
0.021

0.662±
0.04

2.58±
0.139

1.003±
0.107

0.391±
0.018

0.642±
0.038

1.978±
0.152

0.201±
0.028

0.182±
0.015

0.707±
0.035

1.146±
0.052

0.642±
0.047

0.484±
0.054

0.425±
0.024

0.527±
0.029

QPP Hybrid 20

0.752±
0.052

0.514±
0.038

0.852±
0.122

2.234±
0.188

0.862±
0.139

0.552±
0.024

0.54±
0.038

1.342±
0.099

0.402±
0.024

0.128±
0.006

0.603±
0.04

1.128±
0.05

0.59±
0.032

0.527±
0.029

0.322±
0.037

0.628±
0.036

QPP Hybrid 25

0.709±
0.066

0.494±
0.078

0.973±
0.219

2.24±
0.171

0.936±
0.127

0.553±
0.054

0.501±
0.047

1.164±
0.086

0.37±
0.065

0.135±
0.023

0.532±
0.043

1.113±
0.079

0.556±
0.066

0.508±
0.039

0.294±
0.045

0.609±
0.061

QPP Hybrid 28

0.872±
0.079

0.558±
0.072

0.829±
0.119

2.57±
0.229

0.935±
0.151

0.614±
0.027

0.622±
0.051

1.581±
0.164

0.358±
0.061

0.137±
0.012

0.672±
0.069

1.297±0.0 0.653±
67
0.05

0.571±
0.041

0.39±
0.061

0.708±
0.048

QPP Hybrid 38

0.713±
0.03

0.553±
0.057

0.778±
0.11

2.189±
0.103

1.282±
0.137

0.644±
0.05

0.517±
0.025

1.359±
0.058

0.371±
0.04

0.117±
0.011

0.555±
0.029

1.26±
0.049

0.554±
0.04

0.519±
0.031

0.338±
0.025

0.617±
0.035

QPP Hybrid 43

0.758±
0.087

0.63±
0.155

0.915±
0.248

2.348±
0.32

1.292±
0.096

0.641±
0.094

0.546±
0.086

1.326±
0.175

0.42±
0.077

0.148±
0.025

0.559±
0.058

1.269±
0.121

0.599±
0.099

0.571±
0.068

0.357±
0.044

0.651±
0.097

Table 8: Protein-Bound Amino Acid Levels (g/100g) in Air Popped Flakes. Protein-bound amino acid values of
sixteen amino acids in air popped flakes are recorded. Aspartate and asparagine (Asx), glutamine and glutamate
(Glx), Serine, and Tryptophan are destroyed during acidic hydrolysis, the procedure used for amino acid
quantification. Only five QPP hybrids and four popcorn parents were tested with air popping. Standard deviations
were calculated by four biological replications.

Ala

Arg

Asx

Glx

Gly

His

Ile

Leu

Lys

Met

Phe

Pro

Ser

Thr

Tyr

Val

Popcorn Parent 1

1.314± 0.336± 0.838± 3.185± 1.101± 0.502± 0.823± 2.555± 0.176± 0.274± 0.821± 1.431± 0.776± 0.612± 0.537± 0.679±
0.085 0.039 0.091 0.264 0.122 0.04 0.091 0.285 0.024 0.025 0.071 0.115 0.059 0.068 0.08 0.066

Popcorn Parent 2

0.967± 0.249± 0.614± 2.485± 0.843± 0.38±0 0.603± 1.917± 0.155± 0.171± 0.668± 1.098± 0.593± 0.451± 0.374± 0.506±
0.054 0.031 0.073 0.163 0.092 .027 0.062 0.123 0.014 0.01 0.047 0.056 0.058 0.041 0.043 0.044

QPP Hybrid 20

0.849± 0.504± 0.872± 2.479± 0.911± 0.582± 0.608± 1.517± 0.357± 0.148± 0.662± 1.22±0 0.632± 0.565± 0.353± 0.682±
0.052 0.073 0.079 0.154 0.14 0.042 0.063 0.165 0.078 0.025 0.064 .087 0.06 0.059 0.042 0.063

QPP Hybrid 25

0.748± 0.466± 0.831± 2.325± 0.982± 0.568± 0.524± 1.255± 0.313± 0.138± 0.569± 1.138± 0.558± 0.524± 0.31±0 0.64±0
0.044 0.041 0.084 0.056 0.127 0.021 0.033 0.045 0.011 0.016 0.017 0.057 0.035 0.025 .022 .035

QPP Hybrid 28

0.715± 0.506± 0.688± 2.195± 1.196± 0.658± 0.511± 1.345± 0.287± 0.117± 0.527± 1.2±0. 0.537± 0.502± 0.32±0 0.596±
0.075 0.062 0.119 0.168 0.017 0.031 0.06 0.121 0.038 0.012 0.063 034 0.059 0.051 .056 0.056

QPP Hybrid 38

0.695± 0.558± 0.788± 2.099± 1.197± 0.593± 0.503± 1.268± 0.334± 0.118± 0.53±0 1.163± 0.545± 0.509± 0.317± 0.591±
0.054 0.059 0.108 0.136 0.034 0.061 0.028 0.115 0.031 0.012 .033 0.096 0.044 0.034 0.034 0.034

QPP Hybrid 43

0.726± 0.577± 0.869± 2.276± 1.253± 0.627± 0.527± 1.301± 0.353± 0.139± 0.538± 1.216± 0.548± 0.532± 0.331± 0.622±
0.077 0.024 0.114 0.222 0.054 0.06 0.046 0.139 0.074 0.022 0.05 0.078 0.049 0.019 0.045 0.062

Table 9: Protein-Bound Amino Acid Levels (g/100g) in Microwaved Popped Flakes. Protein-bound amino acid
values of sixteen amino acids in microwave-popped flakes are recorded. Aspartate and asparagine (Asx),
glutamine and glutamate (Glx), Serine, and Tryptophan are destroyed during acidic hydrolysis, the procedure
used for amino acid quantification. Only five QPP hybrids and two popcorn parents were tested with air
popping. Standard deviations were calculated by four biological replications.

0.601±
0.083
0.635±
0.158
0.672±
0.101
0.686±
0.12
0.586±
0.088
0.677±
0.055
0.823±
0.191

Asx

2.269±
0.389
2.187±
0.422
1.8±
0.24
1.78±
0.192
1.675±
0.224
1.807±
0.324
2.007±
0.155

Glx

His

0.773± 0.364±
0.172 0.044
0.745± 0.351±
0.187 0.076
0.77± 0.474±
0.08 0.05
0.645± 0.481±
0.098 0.059
1.014± 0.499±
0.151 0.036
1.117±0 0.529±
.107 0.098
1.141± 0.589±
0.076 0.048

Gly

0.529±
0.114
0.548±
0.136
0.428±
0.046
0.391±
0.047
0.396±
0.058
0.437±
0.057
0.466±
0.021

Ile

1.751±
0.358
1.662±
0.338
1.076±
0.154
0.927±
0.078
0.989±
0.151
1.123±
0.238
1.152±
0.059

Leu

Met

Phe

Pro

0.188± 0.179± 0.625± 1.067±
0.022 0.046 0.102 0.176
0.23±0. 0.152± 0.63±0. 0.969±
082
0.033 116
0.17
0.266± 0.098± 0.487± 0.945±
0.018 0.007 0.06 0.103
0.28±0. 0.097± 0.425± 0.894±
05
0.01 0.049 0.089
0.273± 0.088± 0.434± 0.935±
0.027 0.014 0.062 0.083
0.264± 0.102± 0.481± 0.983±
0.016 0.012 0.056 0.225
0.345± 0.117±0 0.493± 1.089±
0.077 .006 0.022 0.079

Lys

0.575±
0.101
0.571±
0.115
0.475±
0.064
0.426±
0.06
0.433±
0.053
0.496±
0.05
0.509±
0.042

Ser

0.459±
0.077
0.454±
0.099
0.414±
0.035
0.398±
0.037
0.399±
0.027
0.448±
0.041
0.495±
0.048

Thr

Val

0.38±0. 0.48±0.
089
076
0.354± 0.503±
0.108 0.116
0.269± 0.519±
0.018 0.05
0.239± 0.503±
0.038 0.058
0.245± 0.488±
0.039 0.053
0.29±0. 0.529±
067
0.054
0.26±0. 0.561±
016
0.034

Tyr

Table 10: Protein-Bound Amino Acid Levels (g/100g) in Oil Popped Flakes. Protein-bound amino acid values of sixteen amino acids in oil-popped
flakes are recorded. Aspartate and asparagine (Asx), glutamine and glutamate (Glx), serine, and tryptophan are destroyed during acidic hydrolysis,
the procedure used for protein-bound amino acid quantification. Only five QPP hybrids and two popcorn parents were tested with air popping.
Standard deviations were calculated by four biological replications.

QPP Hybrid 43

QPP Hybrid 38

QPP Hybrid 28

QPP Hybrid 25

QPP Hybrid 20

Popcorn Parent 2

Popcorn Parent 1

Arg

0.897± 0.267±
0.195 0.021
0.855± 0.296±
0.146 0.073
0.611±0 0.379±
.078 0.025
0.543± 0.363±
0.051 0.097
0.565± 0.485±
0.105 0.135
0.62±0. 0.487±
088
0.013
0.662± 0.567±
0.023 0.061

Ala

148

0.0012±0. 0.00115±
000591 0.00059
0.0076±0. 0.00361±
00541
0.00244

0.000512 0.00132± 0.00365± 0.00199±
±0.00012 0.000171 0.00201 0.000666 0±0

Popcorn
Parent 2

QPP Hybrid 0.00235± 0.00993± 0.0277±0. 0.0305±0.
20
0.000557 0.00437 00573
0109
0±0

Ile

Leu

Lys

0.0000868 0.0000288
0.000599 ±0.00000 ±0.00004 0.000642
±0.00015 173
98
±0.00024
0.000085
0.00113± ±0.00000 0.000114 0.00115±
0.0000851 0498
±0.00005 0.000369
0.000742 0.0000666 0.0000667 0.000738
±0.00013 ±0.00004 ±0.00004 ±0.00009
3
44
45
11
0.0000864
0.000657 0.0000647 ±0.00000 0.000753
±0.00021 ±0.00004 123
±0.00021
0.000152
0.00206± 0.00011± ±0.00007 0.00314±
0.000355 0.0000469 94
0.000935

His

Phe

Pro

Ser

0.000109
0.000278
±0.00000 0.00137± ±0.00006
0±0
218
0.000914 62
0.000705
0.00025± 0.00996± ±0.00016
0.0000634 0.00355 2
0±0
0.0000247 0.000111
0.000337
±0.00004 ±0.00000 0.00258± ±0.00010
95
172
0.000852 7
0.000109
±0.00000 0.00192± 0.000519
0.00114 ±0.00012
0±0
155
0.0000242
±0.00004 0.000518 0.0296±0. 0.000697
84
±0.00038 0126
±0.00034

Met

Thr

Tyr

Val

Cys

0.000211 0.0000791 0.0000257 0.0000539
±0.00009 ±0.00006 ±0.00004 ±0.00004
61
85
45
67
0.000313 0.0000759 0.0000522
0.00155± ±0.00006 ±0.00000 ±0.00004
0.000955 9
0445
52
0.000141 0.000122 0.0000596 0.0000817
±0.00004 ±0.00000 ±0.00003 ±0.00000
13
189
97
126
0.000137 0.000239 0.0000575 0.0000798
±0.00003 ±0.00000 ±0.00003 ±0.00000
81
34
84
114
0.000487 0.000221
0.00068± 0.00645± 0.00201± ±0.00012 ±0.00007
0.000239 0.00226 0.000953 2
29

0.000135
±0.00000
269
0.000132
±0.00000
0775
0.000138
±0.00000
213
0.000168
±0.00006
46

Trp

0.000129
0.00412± 0.00207± 0.00186± 0.0000427 ±0.00008
0.00562 0.00263 0.000655 ±0.00005 27
0.0000867 0.000109
0.00415± 0.00256± 0.00176± ±0.00000 ±0.00004
0.00179 0.00184 0.000496 114
39
0.00271±
0.000944 0±0

0.00247±
0.000967 0±0

0.000465 0.0267±0. 0.000607 0.000641 0.00688± 0.00165± 0.000465 0.000279
±0.00029 0123
±0.00023 ±0.00017 0.0029
0.000541 ±0.00011 ±0.00015

0.000348 0.0199±0. 0.000636 0.000433 0.00411± 0.00148± 0.000287 0.000198
±0.00041 0161
±0.00043 ±0.00042 0.00427 0.00159 ±0.00026 ±0.00015

Table 11: Free Amino Acid Levels (g/100g) in Air Popped Flakes. Free amino acid values of all twenty amino acids are recorded. As shown, all free amino acids
substantially decline in abundance after popping. The five elite QPP hybrids and four popcorn parents were popped by air. Standard deviations were calculated by
four biological replications of each genotype.

QPP Hybrid 0.00402± 0.00738± 0.0259±0. 0.0376±0. ±0.00009 0.011±0.0 0.00467± 0.00234± 0.000198 0.000441 0.00376± 0.000125 0.00127± 0.0525±0. 0.00178± 0.000817 0.0137±0. 0.00432± 0.00104± 0.000649
43
0.0017
0.00441 0146
0218
45
105
0.00392 0.000952 ±0.00017 ±0.00060 0.00228 ±0.00019 0.00116 0181
0.00193 ±0.00040 00617
0.00275 0.00109 ±0.00044

0.0000735

QPP Hybrid 0.00234± 0.00481± 0.0244±0. 0.034±0.0
0.000545 0.0026
00603
107
38
0±0

QPP Hybrid 0.00177± 0.00675± 0.0197±0. 0.0265±0.
28
0.000798 0.00361 00976
0174
0±0

QPP Hybrid 0.00536± 0.00833± 0.0337±0. 0.0581±0. 0.0000712 0.015±0.0 0.00647± 0.00318± 0.000321 0.0015±0. 0.00457± 0.000244 0.00245± 0.0421±0. 0.00458± 0.00133± 0.0103±0. 0.00936± 0.0021±0. 0.000237
0.00225 0.00149 00797
013
±0.00014 0615
0.00183 0.000803 ±0.00023 00132
0.00112 ±0.00017 0.00147 0159
0.0044
0.000274 00426
0.00542 00165
±0.00011
25

0.00067± 0.00146±
0.000207 0.000794

0.00196±
0.0019

0.000823
±0.00041

Gly

0.000764 0.00149± 0.00472± 0.0022±0.
±0.00022 0.00017 0.000973 00037
0±0

0.000194
±0.00010
0.000795
±0.00015
1

Glu

Popcorn
Parent 1

Gln

0.00119± 0.00128± 0.0014±0. 0.00331±
0.0000386 0.000163 000284 0.000461 0±0

Asp

Popcorn
Parent 3

Asn

0.000806 0.00121± 0.00133± 0.000792
±0.00028 0.000196 0.00111 ±0.0003 0±0

Arg

Popcorn
Parent 4

Ala

149

Ala

Arg

Asn

Asp

Gln

Gly

His

Ile

Leu

Lys

Met

Phe

Pro

Ser

Trp

Thr

Tyr

Val

Cys

0.0000815
0.0003721 0.0018393 0.0007413 0.0000224 0.0000224 0.0008330 0.0000242 0.0001111 0.0037565 0.0002834 0.0001042 0.0002011 0.0000925 0.0000598 2643±0.00
632±0.000 288±0.000 003±0.000 9914±0.00 6062±0.00 781±0.000 224±0.000 534±0.000 672±0.001 253±0.000 685±0.000 72±0.0000 0559±0.00 1031±0.00 000207136
1004849 8881289 1857273 004499828 004492123 2889226 04844481 002824104 144277
06064005 06952621 8390191 006168268 003988149 3

Glu

0.0021857 0.0013758 0.0015060 0.0000856 0.0001074 0.0021156
841±0.001 317±0.001 134±0.000 4974±0.00 94±0.0000 913±0.000
273317
0168604 4030024 000160956 8178895 5635579 0±0

0.0004596 0.0155259 0.0005322 0.0004681 0.0036566 0.0015146 0.0002495 0.0001388
332±0.000 675±0.006 905±0.000 73±0.0001 42±0.0016 08±0.0009 89±0.0001 724±0.000
2973852 0488209 3029079 38271
46911
443404
314453
04101482

0.0054818 0.0063161 0.0264189 0.0374209 0.0002341 0.0086145 0.0031117 0.0026129 0.0001697 0.0004661 0.0039654 0.0001680 0.0013354 0.0406693 0.0021879 0.0009253 0.0093394 0.0046027 0.0010957 0.0000391
223±0.003 67±0.0027 24±0.0116 989±0.022 987±0.000 505±0.012 14±0.0032 592±0.001 118±0.000 569±0.000 384±0.002 829±0.000 26±0.0009 458±0.025 253±0.002 966±0.000 66±0.0069 06±0.0030 81±0.0011 1748±0.00
260012
925839
961777
0457084 4683974 31544
355611
4820626 1180368 4436924 1068802 2261091 928845
2109382 17686
5606712 71784
60331
52142
004517136

0.0020741 0.0035095 0.0231666 0.0265255
728±0.000 22±0.0014 703±0.008 607±0.012
7131781 794624
1097997 4497166 0±0

Table 12: Free Amino Acid Levels (g/100g) in Microwave Popped Flakes. Free amino acid values of all twenty amino acids in microwavepopped flakes are recorded. As shown, all free amino acids substantially decline in abundance after popping. The five elite hybrids and two
popcorn parents were popped with microwave and oil popping methods. Standard deviations were calculated by four biological replications of
each genotype.

QPP
Hybrid
38
QPP
Hybrid
43

Popcorn
0.0004314 0.0011925 0.0009401 0.0007320
0.0001904 0.0005427 0.0005418
0.0000638 0.0005316
0.0001069 0.0006483 0.0002383 0.0001322 0.0000771 0.0000882
0.0000784
Parent 31±0.0001 1±0.00022 704±0.000 231±0.000
881±0.000 041±0.000 658±0.000
5784±0.00 34±0.0001
351±0.000 133±0.000 546±0.000 075±0.000 1189±0.00 0921±0.00
3248±0.00
2
754707
72991
2164053 1078965 0±0
002713075 6295066 1880436 0±0
004258655 499558
0±0
001523051 5851235 04142166 001882999 000109829 005882639 0±0
000111709
QPP
0.0026273 0.0052710 0.0236457 0.0333104
0.0024168 0.0022047 0.0019492 0.0001074 0.0002569 0.0023867
0.0006469 0.0241894 0.0007720 0.0005334 0.0047557 0.0027793 0.0004977 0.0001584
Hybrid 338±0.000 28±0.0009 545±0.004 174±0.006
42±0.0013 871±0.001 611±0.000 379±0.000 593±0.000 759±0.000
428±0.000 477±0.007 446±0.000 992±0.000 81±0.0017 87±0.0006 861±0.000 233±0.000
20 5253412 995258 3510332 6603816 0±0
0196
5269503 1685865 04478807 09933126 2357523 0±0
2638239 442605
2609134 1889074 10336
441274
1606601 06633965
QPP
0.0045106 0.0061511 0.0261335 0.0394566 0.0000475 0.0028958 0.0029132 0.0023100 0.0001692 0.0008056 0.0029598 0.0001446 0.0014719 0.0242898 0.0028388 0.0008609 0.0049458 0.0056358 0.0010996 0.0001375
Hybrid 601±0.002 39±0.0019 466±0.007 982±0.013 3136±0.00 854±0.001 709±0.001 025±0.000 952±0.000 195±0.000 845±0.000 011±0.000 689±0.001 97±0.0042 085±0.003 623±0.000 29±0.0015 69±0.0036 31±0.0010 024±0.000
25 4204423 706678 1172068 7240549 00548916 870876 264521 7745874 2281432 959592 9597532 1659447 014932 562222 157153 3166468 69736
78759
51773
03958659
QPP
0.0022881 0.0031461 0.0175810 0.0250493
0.0018119 0.0027110 0.0016151 0.0000657 0.0001755 0.0022014 0.0000252 0.0005790 0.0138389 0.0008664 0.0004778 0.0031735 0.0017192 0.0004122 0.0001418
Hybrid 962±0.000 65±0.0009 897±0.004 416±0.007
86±0.0006 223±0.002 557±0.000 1855±0.00 595±0.000 835±0.000 8983±0.00 401±0.000 265±0.004 472±0.000 727±0.000 39±0.0015 9±0.00111 344±0.000 729±0.000
28 4643949 619635 551998 6961613 0±0
98582
8351934 4456378 004389156 1256886 7000656 005057966 4761225 8636911 8493801 1751826 45485
8404
2708196 04030057

Popcorn
0.0009482 0.0017418 0.0052037 0.0022507
Parent 463±0.000 48±0.0004 587±0.002 094±0.000
1
2365559 865403
0342478 7099502 0±0
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Table 13: Free Amino Acid Levels (g/100g) in Oil Popped Flakes. Free amino acid values of all twenty amino acids in oil-popped flakes are recorded.
As shown, all free amino acids substantially decline in abundance after popping. The five elite hybrids and two popcorn parents were popped with
microwave and oil popping methods. Standard deviations were calculated by four biological replications of each genotype.

QPP Hybrid 43

QPP Hybrid 38

QPP Hybrid 28

QPP Hybrid 25

QPP Hybrid 20

Popcorn Parent

Popcorn Parent

Arg

0.000605 0.0013612 0.0075552 0.0020541
0.0008027 0.0010705 0.0006586
0.0000651 0.0007262 0.0001959 0.0001093 0.0032155 0.0002608 0.0001351 0.0001193 0.0001199 0.0000775 0.0000801
5715±0.0 82±0.0003 73±0.0013 6±0.00047
696±0.000 21±0.0008 571±0.000
3198±0.00 074±0.000 22±0.0001 286±0.000 498±0.000 39±0.0000 667±0.000 118±0.000 18±0.0000 3404±0.00 88±0.0000
1 00089926 79367
26479
04377
0±0
1185045 517239
1731321 0±0
00434933 1781827 364582
00315079 9254667 3583853 00389543 0796212 03455971 00022345 02310975
0.000478 0.0015033 0.0041520 0.0010354
0.0007145 0.0012058 0.0006785 0.0000213 0.0000633 0.0006798
0.0001071 0.0009911 0.0004248 0.0000985 0.0001731 0.0001164 0.0000378 0.0000588
017±0.00 35±0.0002 39±0.0024 01±0.0004
323±0.000 14±0.0003 01±0.0001 6319±0.00 0407±0.00 674±0.000
172±0.000 009±0.001 041±0.000 6362±0.00 916±0.000 347±0.000 238±0.000 331±0.000
2 02365074 000403 50013
524599
0±0
3522831 073448
855328
00427264 00422092 1704428 0±0
00188884 300758
2161146 00657193 07290276 09468833 04367861 03924577
0.001770 0.0050627 0.0197823 0.0273530
0.0043415 0.0027494 0.0015724 0.0000662 0.0002200 0.0017294 0.0000253 0.0006376 0.0137838 0.0006703 0.0005126 0.0027059 0.0019717 0.0003926 0.0001214
4579±0.0 79±0.0028 65±0.0078 54±0.0097
193±0.002 15±0.0012 698±0.000 9293±0.00 694±0.000 353±0.000 7585±0.00 837±0.000 543±0.005 452±0.000 073±0.000 333±0.001 565±0.000 669±0.000 359±0.000
00349768 149051
90235
435045
6988147 870895
3871151 00442062 09025278 6078962 00507517 2970466 7840178 3229067 2085285 501073
7426972 1716898 04748471
0±0
0.004269 0.0057931 0.0278972 0.0430361 0.0001874 0.0093543 0.0049239 0.0023030 0.0002992 0.0013379 0.0033823 0.0001440 0.0019076 0.0333032 0.0032996 0.0011411 0.0074640 0.0062570 0.0013339 0.0001618
0561±0.0 4±0.00098 33±0.0049 81±0.0113 414±0.000 635±0.002 67±0.0020 685±0.000 667±0.000 67±0.0010 71±0.0005 558±0.000 603±0.001 687±0.011 147±0.002 68±0.0002 906±0.001 388±0.002 8±0.00069 139±0.000
00699833 02109
86444
80583
2641226 863602
015564
4049921 141909
49088
977175
1663501 067472
3730244 578605
281071
153801
253185
8569
119189
0.001688 0.0042970 0.0185201 0.0237715
0.0033776 0.0017557 0.0014256 0.0001063 0.0001698 0.0019808
0.0004548 0.0207593 0.0005275 0.0004295 0.0034245 0.0018163 0.0003982 0.0000978
0979±0.0 51±0.0006 59±0.0033 48±0.0121
91±0.0020 29±0.0017 385±0.000 339±0.000 036±0.000 56±0.0004
921±0.000 688±0.008 476±0.000 147±0.000 118±0.002 766±0.001 46±0.0000 0602±0.00
00271718 235101
25288
309901
0±0
479588
553255
3213544 04304956 06898908 819294
0±0
3536305 3449688 2563255 1246762 788864
34109
9454382 00747207
0.001578 0.0031190 0.0228559 0.0251230
0.0047721 0.0030079 0.0015691 0.0000640 0.0001278 0.0021699 0.0000242 0.0005911 0.0148574 0.0006148 0.0004987 0.0033889 0.0016209 0.0003803 0.0001575
6804±0.0 74±0.0011 92±0.0083 42±0.0129
435±0.003 02±0.0017 532±0.000 2349±0.00 75±0.0001 272±0.000 6179±0.00 391±0.000 978±0.005 385±0.000 46±0.0002 995±0.001 766±0.001 437±0.000 181±0.000
00485819 731056
87709
98166
0±0
3670578 312362
5538586 00426869 095665
7644188 00485236 4997597 8599485 4543317 962318
750523
019124
2540361 06357525
0.003149 0.0078645 0.0268852 0.0304050 0.0000248 0.0067119 0.0037956 0.0018990 0.0001101 0.0002207 0.0036252 0.0000253 0.0008606 0.0378674 0.0009561 0.0006847 0.0090652 0.0030706 0.0006703 0.0004283
2882±0.0 14±0.0051 91±0.0115 05±0.0152 1154±0.00 031±0.006 33±0.0026 164±0.000 307±0.000 845±0.000 118±0.002 3277±0.00 107±0.000 777±0.026 96±0.0011 551±0.000 053±0.006 223±0.002 602±0.000 841±0.000
01029297 672403
74059
503882
00496231 3318403 524559
8719656 08499491 2247013 5363583 00506655 7323513 2502169 45673
34193
734026
085509
5682421 3642795

Ala
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CHAPTER 3: FINAL SELECTION OF ELITE QUALITY PROTEIN POPCORN
(QPP) HYBRIDS FIT FOR COMMERCIALIZATION USING THE 2020
RANKING SYSTEM
1. Introduction
Popcorn [Zea mays L. ssp. everta (Sturt.) Zhuk] is a type of flint corn characterized by its
ability to expand and form light flakes under high heat. Popcorn has been enjoyed as a
direct-to-consumer product in the United States for more than a century, and in 2013 the
popcorn industry revitalized from a two-decade retailing plateau owing to growing
consumer demand for a healthier, innovative snack food option and increased diversity in
the popcorn market (Smith et al., 2004; Topping, 2011; Mordor Intelligence, 2018).
Intraspecies crosses between dent maize (Zea mays var. indentata) and popcorn, one
avenue for increasing diversity in the popcorn germplasm pool, have shown to enhance
popcorn’s agronomic fitness and flavor profile at the cost of deficient popcorn quality
traits such as popability and expansion volume (Robbins and Ashman, 1984; Sprague and
Dudley, 1988; Dofing et al., 1991; Ziegler and Ashman, 1994). To negate these
undesired side effects, a study in 2018 described an inter-subspecies breeding program
crossing highly vitreous dent Quality Protein Maize (QPM) varieties with proprietary
popcorn lines to produce highly vitreous, high lysine Quality Protein Popcorn (QPP)
BC2F5 inbred lines (Ren et al., 2018). Concurrent to rapidly restoring popcorn traits,
these unique popcorn inbred lines carried the opaque-2 homozygous recessive mutation
and conferred a 1.5-2 fold increase in kernel endosperm lysine levels compared to the
original popcorn parents (Ren et al., 2018). This proof-of-concept study supported the
positive correlation between kernel endosperm vitreousness, the hard and translucent
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endosperm phenotype, and popcorn quality traits, a previously published but majorly
unexplored concept (Hoseney et al., 1983; Matz, 1984; da Silva et al., 1993; Smith et al.,
2004; Babu et al., 2006). Methods involved in this study included a phenotypic
assessment of vitreousness, genotypic marker-assisted-selection for the opaque-2 allele,
and proteomic evaluation through endosperm protein extraction and SDS-PAGE (Ren et
al., 2018). Though modifier genes conferring vitreousness in opaque-2 carrying lines
still remain largely unknown, a 2016 study confirmed that the over-expression of the 27kd !-zein maize endosperm storage protein, a known requirement for restoring
vitreousness in opaque-2 carrying lines, was due to a genetic duplication of the 27-kd !gene (Liu et al., 2016). Since the rest of the endosperm modifier genes are unspecified
(though genetic locations have been postulated), phenotypic evaluation of vitreousness
and zein profiling still serve as the best means for selecting vitreousness, and
consequently popping traits, in an opaque-2 background (Holding et al., 2008, 2014; Wu
et al., 2010; Parsons et al., 2020).
To further develop this proof-of-concept intraspecies breeding program, twelve BC2F5
QPP inbreds were hybridized in the summer of 2018 to produce 132 QPP F1 seed. After
initial observation, 44 QPP crosses were selected for further pre-screening analysis of
agronomic, protein, and popcorn quality traits. In the summer of 2019, these 44 crosses
were grown in multiple locations and fourteen traits were evaluated for selection of five
superior BC2F5 QPP hybrids (Parsons et al., 2020). Quantitative positive correlations
between popcorn expansion volume, popability, and endosperm vitreousness were
measured, and the results further emphasized the preliminary requirement for highly
vitreous dent parents in a successful popcorn by dent maize subspecies crosses (Parsons et
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al., 2020).

The five selected QPP BC2F5 derived hybrids had relatively superior

agronomics, elevated lysine levels in the kernels, and best maintained popcorn quality traits
compared to the rest of the assessed hybrids.
Though the QPP hybrids were phenotypically indistinct from the original popcorn lines
and held comparatively superior agronomics and adequate popping characteristics,
previous studies have suggested that multiple rounds of backcrossing aid in restoring
popping expansion volume (Babu et al., 2006). The five elite BC2F5 QPP hybrids chosen
in 2019 had nonsignificant differences in popability (number of unpopped kernels/number
of kernels tested), but slightly lower popping expansion volume compared to original
popcorn germplasm (Parsons et al., 2020). To test the potential improvement of QPP
popcorn quality traits, specifically popping expansion volume, by backcrossing, BC2F5
QPP inbreds were again backcrossed to elite popcorn parental lines, and opaque-2 carrying,
phenotypically vitreous BC3F4 QPP lines were produced in the fall of 2019. These BC3F4
inbreds were selectively crossed to produce the five pre-selected QPP hybrids from the
2019 analysis of BC2F5 crosses. In the summer of 2020, these ten QPP hybrids, five BC2F5
and five BC3F4 derived, and five chosen ConAgra Brands® original popcorn cultivars were
grown in a generalized randomized block design at three locations to measure, compare,
and rank QPP and ConAgra Brands® popcorn cultivars based on agronomic, popcorn
quality, and protein quality traits. Overall, significant improvements in popcorn quality
traits were observed in the BC3 cultivars compared to their BC2 counterparts, yield
averages were significantly lower in BC3 derived QPP hybrids compared to the BC2
population, and protein quality traits were insignificantly different between QPP
backcrossing populations and significantly superior to ConAgra elite varieties. Through
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the use of a previously published ranking system and due to satisfactory agronomics,
superior lysine content in the raw kernel and popped flakes, and most similar popcorn
quality traits compared to ConAgra® Brands’ elite hybrids, six QPP hybrids, three from
the BC2F5 population and three from the BC3F4 population, were recommended to enter
more robust testing for potential commercialization.
2. Materials and Methods
2.1 Plant Materials
2.1.1 BC2F5 inbred QPP lines
BC2F5 inbred QPP lines were produced by a Quality Protein Maize dent (QPM) by popcorn
backcross breeding program as described in Ren et al. (Ren et al., 2018). Briefly, QPM
lines CML154Q, Tx807, and K0326Y were crossed to ConAgra Brands® proprietary
popcorn inbred lines labeled P1-P4 (proprietary names withheld) in 2013. Original
ConAgra Brands® popcorn inbred lines were provided by ConAgra Brands®, K0326Y
QPM dent maize was provided by Hans Gevers (Gevers and Lake, 1992), and CML154Q
and Tx807 were provided from the North Central Regional Plant Introduction Station (Ren
et al., 2018). To produce the BC2F5 inbred QPP lines, F1 hybrids were backcrossed twice
to the popcorn parent and self-pollinated five times with an expected level of
heterozygosity at a given locus of 0.39% (Ren et al., 2018).
2.1.2 BC3F4 inbred QPP lines
BC3 lines were produced by an additional cross of female ConAgra® popcorn lines with
male BC2F5 QPP inbred lines during the summer of 2018. These BC3F1 QPP hybrids were
self-pollinated in the winter of 2018 and the BC3F2 seed segregated for the QPM opaque2 allele. Homozygous recessive opaque-2 kernels were selected through SDS-PAGE and
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marker-assisted selection (as detailed below) and subsequently self-pollinated twice.
BC3F4 seed was produced in the summer of 2019 concurrent with BC2F5 QPP hybrids
analysis. Assuming a theoretical genetic contribution of popcorn to dent maize as 93.75%
and 6.25%, respectively, and the homozygosity of an F4 at 93.75%, the availability for
heterozygosity in the BC3F4 inbred lines is synonymous to the BC2F5 lines at 0.39%.
Comparatively, an F8 inbred line has an available heterozygosity of 0.39% (Collard et al.,
2005; Uptmoor et al., 2006; Gupta et al., 2010).
2.1.3 BC2F5, BC3F4, and ConAgra® Brands F1 hybrid seed
After the 2019 summer field trials, five QPP BC2F5 hybrids were selected for further
testing: Hybrid 20 (QPP BC2F5 Inbred 6 x QPP BC2F5 Inbred 10), Hybrid 25 (QPP BC2F5
Inbred 9 x QPP BC2F5 Inbred 3), Hybrid 28 (QPP BC2F5 Inbred 9 x QPP BC2F5 Inbred 6),
Hybrid 38 (QPP BC2F5 Inbred 10 x QPP BC2F5 Inbred 5), and Hybrid 43 (QPP BC2F5
Inbred 10 x QPP BC2F5 Inbred 11) (Parsons et al., 2020). In the spring of 2020, BC2F5 and
BC3F4 hybrids of the chosen crosses were produced and F1 seed was harvested. These QPP
cultivars were grown alongside five ConAgra check hybrids and varietals in the summer
of 2020. {Popcorn parent 1 x Popcorn parent 2} seed and its reciprocal seed were produced
in the spring of 2020 alongside QPP hybrids, and {Popcorn parent 1 x Popcorn parent 3}
seed and two check ConAgra varietals were supplied by Dr. Oscar Rodriguez of ConAgra
Brands® to compare both commercialized lines and respective non-QPM hybrids with
QPP hybrids (Table 1). In all, fifteen cultivars were planted in the summer of 2020 and
numerically named 1-15 in order of BC2F5 hybrids, BC3F4 hybrids, and ConAgra test
cultivars, respectively (Table 1).
2.2 2020 Field Design
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The fifteen selected cultivars were grown in three locations over the summer of 2020. Seed
was sown on April 30th in Lincoln, Nebraska (40°50'11.6"N 96°39'42.4"W DMS), May 1st
in Mead, Nebraska (41°08'51.6"N 96°27'04.7"W DMS), and May 5th in Colby, Kansas
(39°22'50.7"N 101°03'33.0"W DMS) in collaboration with Kansas State University’s
Northwest Research-Extension Center.

Fields were designed in a Generalized

Randomized Block Design (GRBD) with three replications of the treatment (genotype) per
location. Experimental Units (EUs) were 17 foot (5.18 meters) by four row (10 feet or 3
meters) plots planted at ~34,500 population plants/acre (8.53 plants/m2) and separated on
all sides by 6-8 rows of dent border corn (45 EUs per location). The center two rows of
EUs were machine harvested and random ears from the fourth row was hand-harvested for
analysis.
2.3 Zein and non-Zein Protein Extraction and SDS-PAGE Profiling
F1 hybrid seeds from all experimental crosses were subjected to zein and non-zein protein
analysis as previously described (Wallace et al., 1990; Ren et al., 2018; Parsons et al.,
2020). QPP F1 and F2 hybrid seed produced from BC2F5 and BC3F4 inbred lines were tested
to verify a QPM-patterned proteome of high 27-kD !-zein and low "-zeins. The specific
procedures used for both zein and non-zein analysis are described in Parsons et al., 2020.
Briefly, raw kernel powder was introduced to a borate extraction buffer and the protein
supernatant was extracted. Zein and non-zein fractions were separated by adding 70%
ethanol and incubating overnight. The soluble zein and non-soluble non-zein fractions
were separated and proteins were profiled using acrylamide SDS-PAGE (Wallace et al.,
1990).
2.4 Validating o2o2 genotype in QPP inbreds
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QPP BC2F5 and BC3F4 inbred lines utilized for hybrids, Inbreds 3, 5, 6, 9, 10, and 11, were
genotyped for o2o2 validation using opaque-2 in-gene marker umc1066 and flanking
marker bnlg1200 (Babu et al., 2005; Ren et al., 2018; Parsons et al., 2020). Inbreds 3, 9,
10, and 11 were genotyped by bnlg1200, while Inbreds 5 and 6 were genotyped by in-gene
marker umc1066. Polymerase Chain Reaction (PCR) was carried out according to Ren et
al. except TaKaRa Ex Taq DNA polymerase was used in the place of NEB Taq DNA
polymerase (Ren et al., 2018). Annealing temperatures for umc1066 varied between 6063° Celsius and held at approximately 55° C for bnlg1200. For DNA, two-week old leaf
tissue was collected and DNA extracted according to a previously published procedure
(Holding et al., 2008). Crude DNA was diluted 20-fold with double distilled or autoclaved
water for an average concentration of 50 ng/µL.
2.5 Trait Analysis
Cultivars were harvested with a two-row plot combine capable of estimating test weight
(lbs/bu), plot weight (lbs), and moisture content. Yield estimates were determined by
Equations 1 and 2 and pounds of dry matter per bushel was measured for kernel size
comparisons, as shown in Equation 3.
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Equation 1 estimated the amount of dry matter accumulated from each experimental unit
while Equation 2 evaluated the yield of the plots on a 15.5% grain moisture bushel (the
standard moisture value of a dry maize bushel) basis. 1.2% shrinkage due to expected
water loss was incorporated into the equation (Hicks and Cloud, 1991). Equation 3 aided
in estimating kernel size, kernel density, and packing efficiency. The yield estimate of
Equation 1 was used in the 2020 Ranking System (detailed below).
Approximately two pound (~1000 gram) subsamples were obtained from the center two
rows of each experimental unit to measure vitreousness, expansion volume, popability, and
flake morphology. Approximately 50 kernels were assessed from each subsample for
kernel vitreousness on a scale of 1-7 as previously described (Parsons et al., 2020). Five
ears were randomly hand-harvested from the fourth row of every EU for one average ear
length measurement per EU and amino acid profiling of the endosperm proteome. Three
measurements of plant height were recorded and averaged for one height measurement per
EU. Roughly 250 grams of machine-harvested seed from each EU (135 total samples)
were placed in a conditioning room set at 14% moisture for six weeks for moisture
equilibration prior to popping quality tests. After equilibration, the 250 gram samples were
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popped and measured for expansion volume (cubic centimeters per grams), popability
(({total number of kernels subjected to popping - number of unpopped kernels after
popping}/total number of kernels subjected to popping) expressed as a percentage), and
flake size index estimates. Flake size index (CFSI) was estimated using Equation 4:

OPQRS = (OT ∗ 250)/(G)

VP
5 ∗ W%$9ℎ4L − X7V)
10

(4)

The OCFSI (Oil Crude Flake Size Index) is an estimate of an average individual kernel’s
flake expansion. ‘OE’ is the expansion volume measured in a graduated cylinder (0-50
mL) of expansion volume per gram in cubic centimeters. The ‘KC’ value is the number of
kernels in a random sample of 10 grams. Weight is the sample weight (250 grams), and
UPK represents the total number of unpopped kernels in the 250 gram sample.
Measurement of expansion volume, popability, and OCFSI estimates were accomplished
utilizing ConAgra Brands test oil popper and facilities in Brookston, Indiana. Categorical
observation of flake morphology as either mushroom, butterfly, or mixed was ascertained.
Free and protein bound amino acid profiles of all tested cultivars were analyzed at the
University of Missouri according to previously published procedures (Angelovici et al.,
2013; Yobi and Angelovici, 2018). Six samples from each cultivar, three in raw kernel
powder and three in air-popped flake forms, were analyzed. Raw flour and air popped
flake samples were prepared according to previously described procedures (Parsons et al.,
2020). Briefly for popped samples, air-popped flakes were frozen in liquid nitrogen then
ground in a mortar and pestle until a fine powder. B73 raw, ground flour was also
submitted for reference.
2.6 Statistical Analysis
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Cultivar trait estimates were analyzed by the statistical model given by Equation 5:
1"#$ = Y + [" + \# + ([\"# ) + ]"#$

(5)

In which 1"#$ is the cultivar’s response, Y is the overall mean, [" is the block, or locational,
effect, \# is the treatment, or cultivar, effect, ([\"# ) is the location*treatment interaction,
and ]"#$ is the experimental error (Addelman, 1969). Type II sums of squares was used to
compute the Analysis of Variance and the treatment effect was fixed. The Central Limit
Theorem was assumed for normality of the data. R Software was used to conduct all
analysis including trait correlations and Tukey’s Honest Significant Differences (R Core
Team, 2018).
2.7 Cultivar Index Selection: 2020 Ranking System
As shown in Equation 6, the 2020 Ranking System described in previous study was utilized
to rank the 15 tested cultivars (Parsons et al., 2020):
'
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The final rank of each cultivar, ^% , was determined by the summation of individually
determined trait values calculated through trait performance relative to the tested
population, ),
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!

− 15 , the trait’s economic importance, S" , and the cultivar’s relative

uniformity of trait values compared to the other tested lines,

(a",%
ba",'() ). Economic

weights (S" ) were determined on an increasing 0-1 continuous scale paralleling consumer
and producer concern for trait performance. Weights were determined to be ‘0.90’, ‘0.90’,
‘0.90’, ‘0.85’, ‘0.80’, and ‘0.55’ respectively for protein-bound lysine content (grams of
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protein-bound lysine/100 grams total weight) and traits ‘Yield’, ‘Expansion Volume’,
‘OCFSI’, ‘Popability’, and ‘Vitreousness’. Plant height, number of ears per plant, ear
length, and flake morphology were considered concurrently to the ranking system results
for ultimate selection of best QPP hybrids.
3. Results
3.1 Breeding and Selection of BC3F4 QPP Inbred and Hybrid Cultivars
Vitreous BC3F4 QPP inbred lines were obtained by generational phenotypic and genotypic
selection of vitreousness and the opaque-2 allele, respectively (Figures 1-2). Homozygous
o2o2 BC3F2 seedlings were selected in the spring of 2019 and self-pollinated until the
BC3F4 generation. o2 induced zein downregulation and non-zein upregulation in BC3F4
inbred seed was verified through protein extraction and SDS-PAGE, and homozygous
allelic introgression of opaque-2 was verified through marker-assisted selection (not
shown). Since BC3F4 inbred lines were achieved through the F1 cross of BC2F5 QPP with
original popcorn parents, improved vitreousness of BC3 cultivars compared to their BC2
counterpart was not attainable (Figure 2). Notably, QPP Inbred 3 differed in endosperm
color between BC2F5 and BC3F4 lines, and QPP BC3F4 Inbred 3 gained cap opacity. All
other QPP inbred lines maintained the same observable level of vitreousness between
backcrossing generations (Figure 2). Equation 3 estimates from test weight and moisture
content revealed a decreased seed size in BC3F4 derived QPP hybrids compared to BC2F5
hybrids, and original popcorn parental hybrids had significantly smaller seeds than both
QPP populations.
3.2 Phenotypic and quantitative assessment of opaque-2 initiated proteomic
rebalancing in Quality Protein Popcorn Hybrids
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A random assortment of F2 kernels from original popcorn parental crosses, QPP BC2F5
crosses, and QPP BC3F4 crosses was obtained for zein and non-zein protein extraction and
free and protein-bound amino acid profiling (Figure 3). The first two components in
Principle Component Analysis of protein-bound amino acid profiles accounted for 95.47%
of variation and clearly separated ConAgra hybrids from QPP hybrids (Figure 3A). A
general increase in lysine, arginine, and aspartate/asparagine in QPP hybrids markedly
differentiated their cluster from leucine, glycine, and glutamate/glutamine-rich ConAgra
hybrids. According to Table 1 nomenclature, the BC2 derived ‘H2’ displayed a unique
protein-bound amino acid profile compared to the rest of the QPP hybrids, as shown by
segregating with two CAG hybrids, H11 and H15 (outside both red and blue clusters)
(Figure 3A). Alike to these profiling results, H2 held the least amount of protein-bound
lysine compared to all QPP hybrids (Figure 3B). Taken as an average, ConAgra hybrids
held 0.189±0.02 g/100g of protein-bound lysine while QPP hybrids presented a 1.7 fold
relative increase in protein-bound lysine and averaged 0.320±0.04 g/100g (Tables 2-4). In
concordance with these results, SDS-PAGE of extracted zein proteins from three ConAgra
hybrids, three BC2F5 and three BC3F4 derived QPP hybrids exhibited expected profiles
(Figure 3C). ConAgra lines displayed the wild-type zein profile of abundant 22-kD "zein, relatively downregulated 27-kD !-zein, and variable 19-kD "-zein (Figure 3C). All
six QPP hybrids demonstrated the opaque-2 triggered 22-kD "-zein negligibility, 19-kD
"-zein variability, and significant 27-kD !-zein upregulation characteristic of improved
vitreousness (Figure 3C). Interestingly, H1 and H4 displayed a semi-quantitative increase
in 19-kD "-zein abundance that was visibly lost in the BC3 counterparts H6 and H9,
respectively.
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3.3 Distinction in agronomic trait performance between QPP BC2F5, BC3F4, and
popcorn parental hybrids
Yield Equation 2 offered a yield estimate in dry (15.5% moisture) bushels/acre, a common
unit to evaluate maize yields. ConAgra Commercial Line 2 (H15) was grown as a highyielding target with average popping traits while ConAgra Commercial Line 1 (H14) was
grown and evaluated for its premier popping characteristics and average yield (Table 1).
H15 exhibited the maximum yield average at 89.53 bu/ac while H14 yielded 68.07 bu/ac
(Table 5). On average, BC2 derived QPP hybrids yielded insignificantly different to
ConAgra lines with ~62 bu/ac and ~67 bu/ac yields, respectively (Table 5). BC3 derived
hybrids yielded an average of 53 bu/ac, significantly lower than the other two groups.
Specifically comparing H15 to all QPP and ConAgra hybrids, only QPP H5 had an
insignificantly different yield measure. Conversely, all QPP hybrids except H6, H7, and
H8 conferred comparable yields to H14.
All QPP hybrids were insignificantly different in yield compared to their respective
popcorn parental pedigrees except H2 and H7, two hybrids stemming out of the same, H13equivalent, popcorn pedigree (Table 1 and Table 5).
Plant height, ear length, and number of ears per plant were measured prior to combine
harvesting but low, nonsignificant correlations were found between all hand measured
traits and yield estimates except plant height and Yield Equation 2. The Pearson’s
correlation coefficient for this comparison was 0.215 (significant at " < 0.05). Due to all
other low and nonsignificant correlations, hand measured traits were not considered in the
overall ranking of hybrids using the 2020 Ranking System.
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3.4 Popping quality trait evaluation between ConAgra elite hybrids and differing
QPP backcross-generated hybrids
Expansion volume, OCFSI, and popability measurements displayed ConAgra varietal
advantage compared to all QPP hybrids (Table 5). Percentage of grain moisture was
ascertained prior to popping of each sample and had no significant effect on EV. Though
the location effect was significant (" < 0.05), no interactions were visually identified
when analyzing the data through backcrossed groups. The Mead location experienced
higher percentages of grain damage/mold, and a percentage of mold was noted per each
experimental unit. H2 experienced 50% mold damage per sample, while all other QPP and
ConAgra hybrids had insignificantly different levels of damage. After popping, ConAgra
hybrids averaged an EV of 35.38±5.29 cubic centimeters/gram, BC2- derived QPP hybrids
averaged 22.8±4.6 cubic centimeters/gram, and BC3- derived QPP hybrids averaged
25.28±4.63 cubic centimeters/gram, demonstrating significant differences between all
groups and a significant improvement in EV after the third QPP backcross (Table 5).
Comparing QPP hybrids with commercial lines H14 and H15, H9 held the only
insignificantly different EV measure compared to H15.
Concerning popability, H9 held insignificant differences compared to H11 (its
corresponding ConAgra hybrid in pedigree), and H15.

H6 and H8 also displayed

insignificantly different popping values compared to their ConAgra-related hybrids (H12
and H11, respectively) and H15.

Categorizing hybrids into backcross groups and

ConAgra® controls rendered significant differences between all three groups (Table 5).
QPP BC2-derived hybrids held the lowest popability percentage at 96%, while BC3- hybrid
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and ConAgra® hybrids were narrowly higher with averages of 97.1% and 98.4%,
respectively (Table 5).
OCFSI values displayed insignificant differences between backcrossing generations but
ConAgra hybrids did hold a significantly higher flake size index compared to QPP hybrids
(Table 5). All OCFSI averages ranged from 2.56-5.52, with H2 holding the lowest value
and H14 holding the highest (Table 5).
An overview of these popping trait values identified trends between QPP hybrids,
backcrossing groups, and ConAgra-respective hybrids. H2 and H5 held the lowest EV and
OCFSI values out of all QPP hybrids, followed by their BC3- counterparts H7 and H10.
All four of these hybrids consistently held the lowest averages for all three popping traits
compared to all other tested hybrids, though the BC3 hybrids did have significantly higher
popability values compared to the respective BC2 varieties. These four QPP hybrids also
were derived from the same PP1 x PP3 (H13) ConAgra pedigree, which did not hold
correspondingly lower popping quality trait values compared to the other ConAgra
varieties (Table 5).
QPP hybrids that noticeably performed higher than average on popping quality traits were
H1, H6, and H9 (Table 5). These three hybrids held the highest EV measurements, H6
and H9 held the highest popability percentages, and the trio held the highest OCFSI
measurements accompanied by H4 (Table 5). H12, the corresponding ConAgra hybrid to
H1 and H6, held the lowest OCFSI, lowest popability, and second lowest EV
measurements compared to other ConAgra hybrids.
3.5 Flake morphology assessment of tested hybrids

180
Immediately after popping, flakes were assessed and each experimental unit was
categorized into butterfly, mushroom, or mixed morphologies (blue, red, and white,
respectively; Figure 4).

QPP hybrids derived from corresponding backgrounds but

different backcrosses showed mostly similar flake morphology patterns (Figure 4). All
ConAgra derived hybrids (H11-H13) and H14 were attributed unwavering ‘butterfly’
morphology. H1 and H6 overarchingly displayed a ‘mixed’ morphology with a single
‘butterfly’ distinction. H2 and H7 both had a majority of butterfly flake morphology
assignments. H3, H7, and H9 held the most uniform butterfly morphology followed by
H8. H4, H5, and H10 were assigned varying flake morphologies. H4 and H10 had a
majority of mixed flakes while H5 held a majority ‘butterfly’. All three of these QPP
hybrids had at least one distinct ‘mushroom’ assignment. H15 was the only ConAgra line
that had an assignment other than ‘butterfly’ in that three experimental units were
categorized as ‘mixed’ morphology (Figure 4).
3.6 Free and protein-bound lysine in QPP compared to parental popcorn hybrids in
raw and air-popped forms
As previously stated, QPP hybrids held a 1.7 fold increase in protein-bound lysine
compared to ConAgra hybrids in the raw flour form (Tables 2-4). After popping,
protein-bound lysine levels in popped flakes were 1.84 fold higher in QPP hybrids
compared to ConAgra hybrids with 0.24±0.04 g/100g and 0.13±0.01 g/100g values,
respectively (Tables 2-4). Lysine values between BC2 and BC3 backcrossed QPP
populations were insignificantly different for both protein-bound and free lysine in both
ground and air-popped forms (" < 0.05). Air popping decreased protein-bound lysine
levels by ~30.3% in all hybrids with a significant Pearson’s correlation coefficient of
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0.872 (" < 0.05). However, H4 presented insignificant changes in protein-bound lysine
content before and after popping likely due to sample preparation error. Excluding H4
data from the correlation test rendered a significant Pearson’s correlation coefficient of
0.948 (" < 0.05) between raw flour protein-bound lysine and air-popped protein bound
lysine levels. Moreover, despite the 30% decrease in lysine, air-popped QPP hybrids still
held higher protein-bound lysine levels than ConAgra lines in the raw flour form (Tables
2-4).
An insignificant reduction differential after popping between ConAgra and QPP hybrids
in both protein-bound and free lysine was found. Free lysine levels decreased after
popping by roughly 20% in all cultivars though values held an comparatively inconsistent
downward trend correlating with a significant 0.746 Pearson’s coefficient (Tables 6-8).
Free lysine levels were minimal compared to protein-bound levels, rendering an average
of 0.0014±0.0003 g/100g lysine in ConAgra hybrids and 0.0071±0.003 g/100g in QPP
hybrids in the raw flour form (Figure 5). These averages indicate QPP hybrids held a
4.95-fold relative increase in free lysine levels in raw flour and a 5.44-fold relative
increase in free lysine retained after popping, with averages of 0.00519 and 0.00095
g/100g in QPP and ConAgra hybrids, respectively. Though these large fold-increases in
free lysine were significant, free lysine in the air-popped samples only accounted for ~2%
and ~0.7% of the total lysine in QPP and ConAgra hybrid popped flakes, respectively
(Tables 6-8).
Specifically comparing lysine levels between ConAgra commercial lines H14 and H15
and QPP hybrids, QPP H1, H4, H5, H6, H9, and H10 all held significantly higher
protein-bound lysine levels in the raw form than H14, and H1, H5, and H6 held
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significantly higher levels than H15 (Figure 3B, Tables 2-4). In the popped form, all
QPP hybrids except H2 held significantly higher protein-bound lysine levels than both
H14 and H15, indicating a significantly higher lysine intake in the consumable form.
Overall, QPP hybrids held higher levels of lysine in the ground kernels and popped flakes
compared to ConAgra’s currently commercialized popcorn cultivars.
3.7 2020 Ranking System: Evaluation and ranking of hybrids
Economic weights ‘0.90’, ‘0.90’, ‘0.90’, ‘0.85’, ‘0.80’, and ‘0.55’ respectively for
protein-bound lysine content (g/100g), Yield (Eq.1), EV, OCFSI, Popability, and
Vitreousness were utilized in the 2020 Ranking System (Table 9; Figure 6). Consumer
and producer interests were considered equally important (i.e. expansion volume and
yield) along with protein-bound lysine content due to its pervasive goal in the QPP
breeding program. OCFSI was considered less important to EV since it is an individual
measure of kernel potential rather than a sample average, and popability was given a
slightly lesser economic weight due to its more subjectively determined value of popping
average. Finally, vitreousness was included in the model but given the least weight
because of its indirect but significant positive correlations to popping traits. After
computation, H13 held the best, lowest ranking due to its above average measurements in
all traits except for protein-bound lysine content. H15 ranked second due to its relatively
lower EV compared to other ConAgra hybrids. H11 ranked third in part to its poorer
yield, and H12 ranked very low due to below average yield and popping traits. QPP BC3
derived hybrid H10 ranked fourth overall despite its poor popping quality traits, followed
by H14, H3, H4, H1, H6, and H9. H5 was ranked second lowest due to very poor
popping traits, and H2 was ranked last due to low yields, popping traits, and relatively
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lower lysine abundance (Figure 6). Overall, most ConAgra® hybrids ranked higher than
most QPP cultivars; however, H10, H3, H4, and H1 held close ranking values compared
to commercial hybrids H15 and H14 (Figure 6).
4. Discussion
4.1 QPP backcross breeding and selection
The production of BC2F5 QPP inbred lines with highly vitreous endosperm, high lysine
content, and restored popping characteristics offered scope for successful popcorn hybrid
production utilizing dent maize germplasm. However, due to the temporary loss of
popping capability in the early breeding stages of QPP and restoration in the final stage,
popping traits such as expansion volume, popability, and OCFSI were not selected for
during inbred production and final determination of elite QPP inbreds (Ren et al., 2018).
Moreover, a preliminary popping test of selected inbreds identified overall reduced
expansion volume with variability. After initial hybridization of inbred lines and selection
of 44 BC2F5-derived QPP hybrids, popping traits were analyzed and found to be
significantly, moderately lower than original popcorn parental lines (Parsons et al., 2020).
Previous studies have postulated that popping expansion, the premier quality trait of
popcorn, is predominantly a highly heritable additive trait regulated by three to five major
genes (Dofing et al., 1991; Pereira and Amaral Junior, 2001; Ziegler, 2001; Li et al., 2003;
Coan et al., 2019). A recent crossing study aimed at studying the mode of expansion
volume inheritance found that one backcross to the original popcorn parental line recovered
75% of the popping expansion of the original parent in a flint (Zea mays var. indurata) by
popcorn cross, and the BC2- cross was not produced or tested (Coan et al., 2019). Indeed,
previous inheritance-centered studies agree that a single popcorn parental backcross
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following a dent by popcorn cross is sufficient for recovering a majority of popping
capacity fit for genetic studies, but not enough to achieve synonymous popping trait
measurements to the original popcorn parent (Li et al., 2003; 2007; 2008). Dating back to
1949, Crumbacker et al. postulated that two backcross generations to the original popcorn
parent were sufficient for recovering popping expansion volume after a dent by popcorn
cross, and limited but recent studies have validated this approach (Crumbacker et al., 1949;
Li et al., 2004; Niu et al., 2008).
Though the theoretical genomic recovery of the recurrent parent in a BC2 cross is 0.875,
and 0.9375 for a BC3 backcross, these proportions do not consider genomic or phenotypic
selection measures employed throughout a breeding program (Collard et al., 2005;
Uptmoor et al., 2006; Silva et al., 2007; Gupta et al., 2010; Ramos et al., 2011). One study
converting two non-QPM dent lines into QPM found that the selected BC2 lines recovered
an average of 0.901-0.972 of the recurrent parental genome, and the BC3 generation
recovered 0.971-0.996 utilizing foreground selection (Thakur et al., 2014). This breeding
program utilized two dent maize parents rather than a popcorn recurrent and dent maize
donor parent, and solely the QPM opaque-2 allele and required modifiers were selected.
Considering the current study’s aim to select for QPM-based amino acid and endosperm
modifier genes and popcorn-based phenotypic traits such as seed size, kernel morphology,
and popping traits – all of which have uncertain genetic locations – the genetic contribution
of both parents in the QPP BC2F5 inbred lines could not be predicted as theoretically
distributed nor necessarily favoring the recurrent parent to such an extent as found by the
previous QPM-conversion study.

Moreover, without knowledge of the location for

necessary loci from both the recurrent and donor parents, sequencing the few QPP lines
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available would have provided genetic contribution proportions but would do little to aid
in identifying premier inbreds or popping or QPM trait Quantitative Trait Loci due to the
limited number of lines available. Therefore, as previous studies have attributed popping
trait improvement of dent by popcorn crosses to backcross-based breeding methods, and
theoretical genetic contribution of the recurrent parent could be increased by 6.25% by an
additional backcross, BC2F5 QPP inbred lines were crossed to the original popcorn parents
and self-pollinated and selected to the F4 generation.

Given the availability for

heterozygosity in the initial BC3 cross was only ~6.25%, three generations of selfpollinating and selection rendered the availability for heterozygosity in the BC3F4 lines at
0.39%, or the equivalent to an F8 generation without backcrossing (Semagn et al., 2006;
Gupta et al., 2010).
Though the theoretical additional genetic contribution by the recurrent popcorn parental
parent was 0.0625 between the BC2 and BC3 generations, empirical studies sequencing
backcross population of various plants do indicate high variability between backcross
populations and rather unpredictable genetic proportions (Uptmoor et al., 2006; Ramos et
al., 2011; Thakur et al, 2014). Thus, without sequencing BC2F5 and BC3F4 inbred lines,
the extent and location of selected QPM and popcorn loci, and the final genetic
contributions of both parents, remains unknown. Future dent by popcorn breeding may
benefit more profitably by backcrossing after genetic locations of popcorn traits and QPM
endosperm-restorer and amino acid modifier genes have been identified. Previous and
current work have suggested genetic whereabouts for both popping traits and opaque-2
related genes, but the elucidation of exact locations coupled to available genetic markers
remains unavailable (Holding et al., 2008; Li et al., 2009; Gutiérrez-Rojas et al., 2010; Wu
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et al., 2010; Holding et al., 2011; Babu et al., 2015; Pandey et al., 2015; Senhorinho et al.,
2019; Coan et al., 2019). The potential for verified markers in both suites of genes coupled
to the declining cost of genomic sequencing offers scope for future dent by popcorn
breeding systems that aim to improve agronomics within popcorn cultivars while
maintaining synonymous popping characteristics.
4.2 Simultaneous comparisons between backcrossed generations and ConAgra elite
lines
Rapid breeding of the BC3F4 QPP inbred lines enabled simultaneous comparison between
the BC2-and BC3- derived hybrids and between all QPP lines and ConAgra elite cultivars.
The kernel mold damage experienced at the Mead, NE location gave opportunity to test
pest susceptibilities between BC2-, BC3-, and non-QPM popcorn lines. Initial introgression
of opaque-2 without necessary endosperm modifiers into various dent maize lines resulted
in inferior agronomics and higher pest/rot susceptibility (Prasanna et al., 2001). Other than
H2, a QPP hybrid inferior in all other evaluated traits, all QPP lines experienced
insignificantly different mold susceptibility compared to ConAgra varieties. These results
suggest the successful introgression of original dent allele opaque-2 and essential
endosperm modifiers into a popcorn background. Comparing QPP backcross populations,
results indicated that an additional popcorn backcross improved QPP popping
characteristics compared to BC2- derived hybrids; however, average QPP popping traits
were still significantly lower than ConAgra lines. Average BC2 hybrid expansion volume
measurements were roughly 64% of ConAgra volumes, while BC3 hybrids held 71% of
premier volume values. This significantly large improvement in EV suggests potential for
improving popping traits by additional backcrossing. OCFSI values held similar ratios
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between QPP and ConAgra lines, while popability measurements were similar between all
hybrids. The discrepancy between previously published backcross-restored popping traits
and QPP inbreds is likely due to the selection measures imposed during inbreeding (Coan
et al., 2019). Without known locations and extent of required QPM dent maize loci
introgression, and with known repulsion phase linkages between yield and expansion
volume, and with inherent selection of agronomic characteristics throughout QPP inbred
line production, unintentional selection against expansion volume could have been
employed (Sprague and Dudley, 1988; Dofing et al., 1991; Ziegler and Ashman, 1994; Ren
et al., 2018). Given these selection measures, it is probable that QPP inbred lines have
higher than theoretical QPM genetic material after backcrossing and selection and suggests
future scope in generally improving popping traits by further backcrossing.
Despite unattaining synonymous popping characteristics after an additional backcross to
the original parents, BC3- derived lines displayed significant improvements in these traits
compared to BC2- derived lines. However, the trade-off between popping and agronomic
characteristics was apparent as BC2- derived lines had significantly better yield averages.
Therefore, utilization of the 2020 Ranking System proved helpful in holistically
discriminating between BC2- and BC3- derived hybrids and comparing them individually
to original popcorn lines (Parsons et al., 2020). Protein-bound endosperm lysine content,
yield, and expansion volume were considered equally important in the final selection of
QPP hybrids and were each given an economic weight of 0.90. Final ranking identified
top QPP hybrids as H10, H3, H4, H1, H6, and H9, in respective order. Though the highest
ranked hybrid was a BC3- derived cross, BC2- crosses H3, H4, and H1 were superior to
BC3- crosses H6 and H9. These results suggest that the third-backcrossed population did
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not produce satisfactory popping results to warrant the time, assets, and effort allotted to
producing it. However, the significant improvements in BC3- derived hybrids H7 and H10
compared to their BC2 counterparts H2 and H5, respectively, show specific potential in this
breeding scheme if genetic selection could be conducted more specifically. Overall, the
six most elite hybrids stemmed equally from the BC2 population and the BC3 population
which rendered a diverse set of potentially marketable QPP varieties fit for consideration.
4.3 Flake morphology of selected QPP hybrids
All QPP hybrids exhibited varying mixtures of butterfly and mushroom flake
morphologies. H3, H7, and H9 held the closest resemblance to their ConAgra respective
hybrids, followed by H2 and H8. H1 and H6, hybrids from the same QPP cross but of
differing backcrossed generations, exhibited the same morphological behavior in mostly a
mixture of flakes. H4 and H9 differed most dramatically between backcrosses in this trait.
H9 held a majority of butterfly flakes while H4 had a majority mixture, followed by some
samples popping purely butterfly and one sample popping solely mushroom.

This

morphological profile was similarly mirrored by H10, though H10 had one more sample
labeled ‘mushroom’ rather than a mixture. H5 interestingly only had one mixed sample;
the rest popped either solely butterfly or solely mushroom. The location effect on these
particular hybrid’s popping morphology was strikingly significant. Out of the nine samples
analyzed, the three H5 samples taken from Lincoln, NE were considered ‘butterfly’,
followed by the secondary location rendering two butterfly samples and one mushroom
sample, and finally the Colby, KS location had two mushroom samples and one mixed
sample. Similar to H5, H10 held three ‘mixed’ samples at Lincoln, NE, followed by two
butterfly samples and one mixed sample at Mead, NE, and two mushroom and one mixed
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sample taken from Colby, KS. Previous studies analyzing the environmental effect on
popcorn flake morphology are limited, but one study in 2012 identified growing location
as a significant factor in popcorn flake morphology though the extent of locational
influence on morphology in comparison to other intrinsic and external factors remained
elusive (Sweley et al., 2012). The narrow number of hybrids and samples tested per
location limited these results’ identification of particular flake morphological responses to
certain environmental influences; however, like the 2012 study, the locational effect on
flake morphology was found to be significant and warrants consideration when typifying
future popcorn varietal flake morphologies.
4.4 QPP cultivars exhibit elevated lysine levels compared to ConAgra elite lines in
raw flour and air-popped forms
Previous studies have shown that tryptophan and lysine levels within the same maize
variety positively correlate in relative abundance in the zein fraction and thus in the entire
endosperm (Hernandez and Bates, 1969; Krivanek et al., 2007; Olakojo et al., 2007; Ren
et al., 2018; Parsons et al., 2020). Due to acidic hydrolysis’ destruction of protein-bound
tryptophan, lysine levels were recovered and used as a benchmark for opaque-2 derived
lysine and tryptophan increases compared to ConAgra varieties (Angelovici et al., 2013;
Yobi and Angelovici, 2018). Protein-bound lysine levels in raw flour displayed a
significant difference between ConAgra varieties and QPP cultivars, and no significant
difference was found between BC2 and BC3 derived QPP cultivars. On average, QPP
varieties held 0.320±0.039 and ConAgra cultivars held 0.189±0.019 grams protein-bound
lysine/100 gram total weight in the raw flour, respectively. After popping, lysine levels
decreased by ~30% to 0.235±0.042 grams of protein-bound lysine/100 grams total weight
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and 0.128±0.006 g/100g in QPP and ConAgra cultivars, respectively. Even after airpopping, QPP cultivars held more lysine than non-QPM popcorn raw kernel flour.
Previous analysis of QPP and non-QPM popcorn lysine content revealed a slightly higher
protein-bound lysine level than the current study indicates (Parsons et al., 2020). However,
considering the ratio between non-QPM and QPM popcorn lysine levels is consistent
between analyses, these results compositely suggest a stable and reliable increase in lysine
content in air-popped QPP varieties compared to currently marketed popcorn.
Contextually, a 68 kg (150 pound) individual is generally recommended to ingest 2.108
grams of lysine per day (Elango et al., 2009). These results suggest that the equivalent of
one microwavable bag of QPP air-popped popcorn (~47 grams) would fulfill 5.2% of this
daily lysine requirement as opposed to a 2.8% fulfillment available through currently
commercialized popcorn varieties.
4.5 Conclusion: Final Selection of QPP hybrids
The holistic evaluation of Quality Protein Popcorn hybrids with ConAgra controls allowed
for the simultaneous comparison of BC2F5 and BC3F4 genetic backgrounds with ConAgra
elite lines to further select QPP best fit for potential commercialization. This evaluation
found the BC3 hybrids had significantly lower yields compared to both ConAgra and BC2
groups, but the BC3 cultivars had significantly improved popping traits compared to the
BC2 hybrids. In all popping traits evaluated, specifically expansion volume, OCFSI, and
popability, all three groups had significantly different averages with ConAgra elite lines
leading, followed by BC3F4 derived QPP hybrids, and lastly BC2F5 derived QPP hybrids.
As only two BC3- derived lines performed better than their BC2- derived counterparts in
the final ranking utilizing the 2020 Ranking System, it is uncertain whether the time and
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resources spent introducing another backcross to this germplasm are justifiable. Thus, this
study may evoke caution in further backcrossing for other dent by popcorn breeding
programs aimed at improving agronomic and popping quality traits.

However, the

significant improvement in H7 and H10 compared to H2 and H5 demonstrates success,
albeit rather indiscriminate, for this breeding plan. The significant increase in proteinbound lysine in all QPP hybrids except H2 compared to ConAgra elite lines in popped
flakes validates the successful introgression of the QPM opaque-2 allele and necessary
endosperm modifier genes for restored popping. Additionally, the PCA of the proteinbound amino acid protein profile clusters all QPP separately from ConAgra lines except
H2. H2 performed the worst out of all hybrids in multiple different analyses, holding the
lowest protein-bound lysine content, expansion volume, OCFSI, second lowest popability,
third lowest vitreousness, and eighth highest measurement in yield. Conversely, QPP
hybrids H10, H3, H4, H1, H6, and H9 all held high lysine values and returned overall
higher ranking values compared to the four other QPP hybrids. These selected hybrids’
sufficient agronomic and popping quality trait evaluations and significantly higher lysine
content compared to currently marketed varieties offer evidence for their consideration for
commercialization.
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Figure 1 | Breeding Scheme to produce BC2F5 and BC3F4 QPP F1 Hybrids. Overall
breeding scheme from 2018-2020. (A) In the summer of 2018, BC2F5 QPP inbreds were
crossed in full diallel to produce F1 hybrids. BC2F5 inbreds were also selectively crossed
to their respective original popcorn parents to produce heterozygous O2o2 BC3F1
offspring. (B) Heterozygotes were self-pollinated to produce segregating BC3F2 offspring
which was selected at the seed based on opaque-2 phenotyping of vitreousness, proteinprofiling, and later marker-assisted selection. (C) Homozygous F2 seed was grown and
self-pollinated prior to 2019 summer. (D) Homozygous mutant o2o2 BC3F3 seed was
harvested and grown to produce BC3F4 QPP seed in the summer of 2019. All inbred
lines were identified as o2-carrying predominantly through protein-profiling. (E) BC2F5
and BC3F4 QPP inbred lines were grown in the spring of 2020 and selectively crossed to
produce similar QPP hybrids of differing backcross generations. (F) BC2F5 and BC3F4
derived F1 hybrids were grown in three locations and evaluated alongside ConAgra elite
varieties for selection.

193

Figure 2 | Scaled comparison of BC2F5 and BC3F4 QPP hybrids and ConAgra Popcorn
Parent 1, Popcorn Parent 2, and B73. Overall, BC3- derived inbreds displayed smaller
kernels which produced significantly smaller F1 hybrid kernels compared to BC2- derived
hybrids, while popcorn parents produced the smallest seed size in non-QPM popcorn
hybrids.

194

Figure 3 | Protein profiling of QPP and ConAgra elite lines. (A) Principle Component
Analysis (PCA) of protein-bound amino acids in raw flour of ConAgra elite lines, B73
for reference, and QPP hybrids revealed a distinct segregation between QPP and original
popcorn-derived cultivars. B73 grouped with ConAgra lines H12, H13, and H14, while
H11 and H15 independently segregated with QPP H2. QPP H2 had a distinct proteome
compared to all other QPP hybrids and held insignificantly different lysine levels
compared to ConAgra lines. (B) Protein-bound lysine in raw flour of all genotypes
revealed significantly higher lysine levels in all QPP lines except H2. (C) Zein extraction
and SDS-PAGE analysis of randomly selected kernels revealed a significant reduction in
22kD-alpha zein, varying production of 19-kD-alpha zein, and increased expression of
the 27-kD !-zein in QPP lines compared to ConAgra lines, consistent with a homozygous
opaque-2 profile. Compositely, these results verifying the successful introgression and
stabilization of the homozygous mutation in the BC2F5 and BC3F4 QPP populations.
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Figure 4 | Flake morphology assessment of QPP and ConAgra elite lines. Random
samples of QPP and ConAgra lines from each experimental plot were given a description
of butterfly (B - blue), mushroom (M - red), or mixed flake morphology (MX - white).
Each cultivar was assigned a total of nine descriptions (three from each of the three
locations). All ConAgra varieties were assigned butterfly morphology except H15,
which was assigned three MX morphologies. QPP BC2- derived hybrids are displayed on
the first row, respective QPP BC3-derived hybrids are on the second row, and original
popcorn hybrids from the respective pedigrees are arranged on the third row to enable
column comparison between similar QPP and ConAgra pedigrees. Commercial lines
H14 and H15 are positioned on the fourth row.
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Figure 5 | Free lysine content per genotype in raw flour (g/100g). ConAgra derived lines
(green columns) had significantly lesser free lysine in raw flour compared to QPP
hybrids. Hybrids differed more in free lysine content compared to protein-bound lysine,
but g/100g measurements were significantly lesser in free lysine than protein-bound
(<3% compared to protein-bound).
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Figure 6 | 2020 Ranking System Selection Index Results. Utilization of the 2020
Ranking System enabled a visual display of overall cultivar ranking from best to worst,
left to right, respectively. Color by variable identified individual hybrid pitfalls (the
longer the stacked column, the farther from the best hybrid) and high trait values. H13,
PP1 x PP3, ranked highest out of all hybrids, scoring relatively lower only because of its
lack of protein-bound lysine content. QPP H10 ranked the best compared to all other
QPP lines and ranked higher than H14, or Commercial Line 1. QPP BC2- derived hybrids
H3, H4, and H1 ranked respectively higher than the rest, while BC3- derived hybrids H6,
H9, and H7 all ranked higher than original popcorn hybrid line H12. H8, H5, and H2
ranked lowest out of all hybrids.
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Table 1 | Description of cultivars tested in 2020 summer trials. 15 total cultivars were
grown and evaluated in the summer of 2020. ‘Previous Nomenclature’ as described in
Parsons et al., 2020 is in reference to QPP pedigree. For simplicity, Reference Numbers
H1-H15 were utilized for identification of hybrids in this analysis.
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Table 2. Protein-bound amino acid profiles of Quality Protein Popcorn BC2F5-derived
hybrids. Three replicates of raw flour and air-popped flakes were submitted for analysis
(g/100g).
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Table 3. Protein-bound amino acid profiles of Quality Protein Popcorn BC3F4-derived
hybrids. Three replicates of raw flour and air-popped flakes were submitted for analysis
(g/100g).
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Table 4. Protein-bound amino acid profiles of ConAgra derived hybrids and B73 for
reference. Three replicates of raw flour and air-popped flakes were submitted for
analysis (g/100g).
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Cultivar

Ref. No.

Yield 1
Grams
dry
matter/m

Yield 2
sd

15.5%
moisture
kg/m2
(bushel/a
c)

sd

63.47
(0.013)
73.24
(0.015)
58.59
(0.012)
48.83
(0.010)
63.47
(0.013)
77.124
(0.016)
58.59
(0.012)
53.71
(0.011)
53.71
(0.011)
87.89
(0.018)
39.06
(0.008)
63.37
(0.013)
48.83
(0.010)
68.36
(0.014)
78.12
(0.016)
19.53
(0.004)
97.65
(0.020)
98.67
(0.020)

0.3934cde
(62.54)
0.3560de
(56.59)
0.3388de
(53.86)
0.3532de
(56.15)
0.5038ab
(81.10)
0.389a
(61.848)
0.3091e
(49.14)
0.3105e
(49.37)
0.3072e
(48.84)
0.3391de
(53.92)
0.3901cde
(62.01)
0.331b
(52.657)
0.3459de
(54.99)
0.3107e
(49.39)
0.4693bc
(74.61)
0.4282bcd
(68.07)
0.5632a
(89.53)
0.423a
(67.32)

0.106
(16.82)
0.085
(13.43)
0.092
(14.65)
0.073
(11.56)
0.109
(17.30)
0.108
(17.192)
0.081
(12.93)
0.073
(11.62)
0.085
(13.53)
0.130
(20.66)
0.065
(10.33)
0.091
(14.533)
0.106
(16.81)
0.076
(12.07)
0.103
(16.31)
0.044
(7.05)
0.156
(24.73)
0.134
(21.338)

2

(lbs/ft2)
BC2F5 F1
Hybrid

H1
H2
H3
H4
H5

average
BC3F4 F1
Hybrid

H6
H7
H8
H9
H10

average
ConAgra
® Brands
Popcorn

H11
H12
H13
H14
H15

average

312.48cd
(0.064)
273.42cd
(0.056)
273.42cd
(0.056)
273.42cd
(0.056)
400.37ab
(0.082)
306.24b
(0.063)
244.13d
(0.050)
253.89d
(0.052)
244.13d
(0.050)
273.42cd
(0.056)
317.36cd
(0.065)
265.56c
(0.054)
283.19cd
(0.058)
253.89d
(0.052)
390.60ab
(0.080)
346.66bc
(0.071)
458.96a
(0.094)
346.17a
(0.071)

PB Lysine
(Raw Flour)
g/100
g

0.371a

sd

Expansion
Volume
cc
per
gra
m

0.039 26.11efg

0.234bcdef 0.039

19.11j

OCFSI

Popability

Vitreousness

sd

unit

sd

%

sd

1-7
scale

sd

3.98

3.53d

0.62

96.37fgh

1.00

5.56bc

0.92

3.76

2.56f

0.44

95.49hi

1.29

4.75cde

1.10

0.317abcd

0.045 24.22ghi

2.64

3.14de

0.20

96.64efg

1.31

5.33bcd

0.25

0.322abc

0.050 25.00fghi 3.61

3.42d

0.38

96.49efgh

1.25

6.22ab

0.83

0.033

19.56j

4.42

2.68ef

0.67

94.84i

1.23

4.64de

0.78

0.062

22.8c

4.61

3.06b

0.614

95.97c

1.36

5.30b

0.98

0.057

27.78ef

3.70

3.36d

0.54

97.57bcde

1.23

6.47a

0.54
0.85

0.368a
0.323a
0.337ab
0.300abcde

0.018

21.67ij

2.06

2.74ef

0.26

96.89defg

0.98

3.94e

0.295abcde

0.053

25.33fgh

3.87

3.15de

0.46

97.22cdef

0.93

5.06cd

0.81

0.325abc

0.046

29.44de

4.98

3.38d

0.38

97.95bcd

0.97

5.56bc

1.31

0.330abc

0.040

22.22hij

2.95

2.81ef

0.16

96.03gh

1.18

5.44bcd

1.10

0.317a

0.042

25.29b

4.63

3.09b

0.457

97.13b

1.21

5.29b

1.23

0.190ef

0.021

34.44bc

4.67

4.63bc

0.48

98.12abc

1.19

7.00a

0.00

0.038

33.22c

4.09

4.32c

0.77

97.93bcd

1.00

6.72a

0.83

0.012

37.33ab

5.29

4.77bc

0.71

98.64ab

0.89

7.00a

0.00
0.00

0.185ef
0.161f
0.197def

0.057

39.89a

3.79

5.52a

0.85

99.16a

0.23

7.00a

0.214cdef

0.029

32.00cd

5.17

4.93b

0.37

98.22abc

1.24

7.00a

0.00

0.189b

0.034

35.38a

5.29

4.83a

0.748

98.41a

1.03

6.94a

0.37

Table 5 | Select trait measurements of cultivars tested in 2020 summer trials. Trait values
and standard deviations that were utilized for the 2020 Ranking System (except for Yield
2) are shown.

Table 6. Free amino acid profiles of Quality Protein Popcorn BC2F5-derived hybrids. Three
replicates of raw flour and air-popped flakes were submitted for analysis (g/100g).
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Table 7. Free amino acid profiles of Quality Protein Popcorn BC3F4-derived hybrids. Three
replicates of raw flour and air-popped flakes were submitted for analysis (g/100g).
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Table 8. Free amino acid profiles of ConAgra derived hybrids and B73 for reference. Three replicates of
raw flour and air-popped flakes were submitted for analysis (g/100g).
205
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Table 9 | Economic Values assigned for traits in 2020 Ranking System. Economic
weighting values were determined. Protein-bound lysine, yield, and expansion volume
were each considered equally important traits during selection, while OCFSI, popability,
and vitreousness were respectively given lesser importance for overall selection.
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CHAPTER 4: SENSORY EVALUATION OF NOVEL QUALITY PROTEIN
POPCORN REVEALS IMPROVED DIVERSITY IN TASTE AND TEXTURE
COMPARED TO CONVENTIONAL VARIETIES
1. Introduction
Popcorn is considered a specialty maize crop grown primarily for human consumption. It
is characterized by its spherical and highly vitreous kernel morphology, and unique ability
to pop into light flakes after applying heat. Popcorn has been sold and enjoyed as a snack
product since the beginning of the 20th century, and sales and market diversification
significantly increased after 2012 (Dawson and Telford, 1912; Dawande, 2018). In
correlation with rises in consumer health-awareness, disposable income, and consumption
of Ready-To-Eat (RTE) products, the popcorn industry enjoyed a 32% increase in retail
popcorn sales from 2012 to 2018. Moreover, the market is projected to rise from a 2016
estimate of $9.06 billion to more than $15 billion by 2023 (Dawande, 2018, Mordor
Intelligence, 2018).
Diversification of marketable popcorn products has relied on exterior supplements such as
coatings, RTE additives, and blending with other food products rather than the breeding
and production of novel popcorn cultivars (Matz, 1984; Lusas and Rooney, 2001;
Tandjung, 2003). In fact, genetic influence on the sensory attributes of popcorn has been
argued as an unimportant factor as the popcorn should be considered a neutral receptacle
for diverse, exterior additives (Matz, 1984). In comparison with flavor additions, breeding
of quality traits is not surprisingly a less favorable option for diversifying the popcorn
market since breeding requires time and expense without ensured success. Given that the
popcorn gene pool is significantly limited, within-pool breeding for productivity traits has
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been unsuccessful, and attempts to diversify popcorn germplasm involving dent by
popcorn crosses have resulted in a loss or serious reduction of characteristic popcorn
quality traits. Popcorn breeding has the potential for improvement in agronomic traits such
as pest/rot susceptibility, standability, and yield by dent germplasm introgression.
However, a significantly negative correlation between yield and expansion volume has
hindered producers from breeding high yielding, high expansion volume popcorn lines
(Brunson, 1937; Robbins and Ashman, 1984; Dofing et al., 1991; Pereira and Amaral
Júnior, 2001; Daros et al., 2002; Ziegler and Ashman, 1994; Li et al., 2002; Lu et al., 2003;
Li et al., 2006; 2007, 2008, 2009; Dhliwayo, 2008; Ren et al., 2018; Parsons et al., 2020).
Additionally, funding for popcorn breeding is limited compared to conventional corn
grown on 99% of all maize-sown U.S. acres, and limited resources have restricted the
number of popcorn breeding programs (Nebraska Corn Board, 2019). Nevertheless, some
privately funded breeding programs remain (National Plant Breeding Study-1, 1996; Paula
et al., 2010; Guimarães et al., 2018; Ren et al., 2018; Parsons et al., 2020). In 2018, Ren
et al. described a subspecies breeding program which crossed Quality Protein Maize
(QPM), highly vitreous and elevated lysine maize varieties, to popcorn (Ren et al., 2018).
A four-year backcross recurrent breeding scheme utilized marker assisted selection for the
opaque-2 mutant allele, a characteristic allele introgressed into QPM conferring higher
lysine and tryptophan in the maize kernel (Mertz et al., 1964; Babu et al., 2005), and
phenotypic selection for endosperm and amino acid modifier genes (Vasal et al., 2002).
Inbred Quality Protein Popcorn (QPP) lines culminated in 2017 that were highly vitreous,
had popcorn-like kernel morphology, high popability, and a QPM-equaling elevated lysine
(Ren et al., 2018). These inbred QPP lines were hybridized and evaluated, and select
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hybrids with superior agronomic, protein quality, and popcorn quality traits were chosen
for continued evaluation in 2020 (Parsons et al., 2020).
Popcorn sensory traits such as texture and taste have been associated with multiple popcorn
characteristics, such as flake morphology, kernel morphology, pericarp color, and
increasing genetic diversity of the popcorn cultivar (Sweley et al., 2011; Sweley et al.,
2013; Paraginski et al., 2016; unpublished observations). To compare QPP hybrids with
currently marketed, conventional popcorn cultivars and test for correlations between
certain physical and sensory traits, a popcorn tasting evaluation utilizing 112 participants
and eight popcorn cultivars was conducted. Overall, one QPP variety ranked higher than
a popcorn control in taste, all QPP varieties ranked higher than a control in texture, and
two QPP varieties ranked higher than a conventional popcorn control in overall likability.
Additionally, taste and texture sensory trait rank were found to be highly correlated to
overall likability while aroma and appearance were weakly correlated. These results, in
concert with previous agronomic, popcorn quality, and protein quality trait comparisons
with conventional popcorn cultivars, reveal a significant potential for QPP marketability.
2. Materials and Methods
2.1 Production and Selection of Plant Materials
Ten Quality Protein Popcorn (QPP) hybrids were grown in Lincoln, NE (40°50'11.6"N
96°39'42.4"W DMS) in the summer of 2020 alongside five ConAgra Brands® popcorn
hybrid cultivars for comparative evaluation of agronomic, popcorn quality, and endosperm
protein quality traits. After popcorn was harvested and evaluated, six QPP hybrids, herein
labeled QPP Hybrids H1, H3, H4, H6, H8, and H9, were chosen for sensory comparison to
two ConAgra® Brands conventional cultivars, labeled CL1 and CL2.
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2.2 Sample Preparation
Directly after harvest, a random subsample of 400 grams (~0.88 lbs) of QPP and
conventional hybrid kernels were placed and held in a conditioning room set at 14%
moisture for six weeks. After the required duration for equilibration, all popcorn kernels
were transferred to labeled, sealed plastic jars for long-term maintenance of moisture
content.

Immediately prior to participant sampling, 15-20 kernels of two varieties

(measured in a half teaspoon measure) were simultaneously popped in Orville
Redenbacher’s® Hot Air Poppers.

Participants were given two samples at a time,

approximately in three minute intervals while the samples popped, and delivered
immediately after popping for a total of six cultivars to evaluate. All popcorn kernels were
popped by air without additives. After informed consent was obtained, popped samples
were presented to panelists in five ounce multipurpose paper cups accompanied with six
copies of the sensory evaluation form and an optional bottle of water.
2.3 Recruitment and Sensory Evaluation
Recruitment of individuals for the taste-testing panel took place at Colby Community
College in Colby, Kansas from October 27th through November 9th of 2020. No data
relating to the demographics of the panelists was asked for or recorded. Sole requirements
for participation included being older than the age of 18 years, having no known allergic
or negative reaction to popcorn, and experiencing no illness symptoms during both
recruitment and taste-testing. Participant evaluations were scheduled over a two-week
timeframe between November 2nd, 2020 and November 13th, 2020 in 30 minute increments
(with walk-ins accepted) to individually taste and evaluate six popcorn samples.
Participants were asked to specify popcorn appearance, aroma, taste, and texture on a 1-6
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scale and overall likability on a 1-10 scale by completing individualized evaluation forms
for each popcorn sample given (Figure 1). Evaluation forms also included two questions
concerning taste and texture asking participants to designate one or two descriptors out of
originative word banks for both sensory traits. Nutty, pungent, rancid, sweet, umami, and
bland were chosen as descriptors for taste, while airy, adhesive, crispy, crunchy, doughy,
and tender were selected to describe texture (Figure 1). Definitions for taste and texture
terms were available on the evaluation sheets. Participants were also given the opportunity
to write general comments at the end of the evaluation sheet. Overall, 112 participants
individually ranked six popcorn cultivars and 84 evaluations for each of the six QPP
cultivars and two ConAgra Brands® commercial cultivars were recorded.
2.4 Experimental Design
Two ConAgra® Brands and six QPP cultivars were randomly assigned to 112
participants in a Balanced Incomplete Block Design (BIBD). Twenty-eight subgroups of
treatment combinations were randomized and treatments were randomized by block
position and block labeling (i.e. Variety ‘1-6’ and Blocks ‘A-F’, respectively) using R®
Software.
2.5 Statistical Analysis
All sensory trait evaluations were analyzed using R® Software and the Balanced
Incomplete Block Design model as shown in Equation 1:
!!" = # + %! + &" + '!"

(1)

Where !!" is the yth evaluation, # is the overall mean, %! is the effect of the ‘ith' treatment,
&" is the block effect, and '!" is experimental error. In the BIBD, eight popcorn
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treatments (t) in 112 blocks (b) of six elements (k) each were replicated (r) 84 times, and
treatment pairs in the same block ()) were tested 60 times. All analysis was performed in
R® Studio using packages ‘crossdes’, ‘ibd’, ‘GGally’, ‘ggplot2’, ‘cowplot’, ‘dplyr’,
‘readxl’, ‘xlsx’, ‘doBy’, ‘car’, ‘lsmeans’, ‘lme4’, ‘gridExtra’, ‘forcats’, and
‘RColorBrewer’, with references listed respectively (Sailer, 2013; Mandal, 2019;
Schloerke et al., 2020; Wickham, 2016; Wilke, 2019; Wickham et al., 2020; Wickham
and Bryan, 2019; Dragulescu and Arendt, 2020; Højsgaard and Halekoh, 2020; Fox and
Weisberg, 2019; Lenth, 2016; Bates et al., 2015; Augie, 2017; Wickham, 2020;
Neuwirth, 2014; R Core Team, 2020).
3. Results
3.1 Overall likability ranking suggests top QPP hybrids
Commercial Line 1 (CL1) scored the highest Overall Likability (OL) mark with a mean
rank of 6.75±2.34 (Figure 1). QPP Hybrids 4 (H4) and 8 (H8) ranked second and third
highest with average values of 6.46±2.11 and 6.32±2.11, respectively. Analysis of
variance indicated a significant effect due to the hybrid variable, and Tukey’s Honest
Significance Difference (HSD) test only identified CL1 higher than H3 and H6 at the
0.05 level of significance. All other OL comparisons were insignificantly different.
Individualizing rank and variety, H4 was ranked most frequently as ‘10’, followed by
CL1, H6 and H8 (Figure 2). Combining OL ranks 7-10, CL1 was ranked within a range
of 7-10 the most times followed by H4, at 50 and 41 marks, respectively. H1 and H6
noticeably ranked in the lower OL range; both holding the most ‘2’ and ‘3’ rankings.
CL2 maintained a mediocre ranking throughout the ‘5-7’ range (Figure 2). H3 held the
highest ‘5-6’ ranking, though numbers dropped significantly above ‘7’. Like CL2, H8
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did not have a standout OL ranking though it had the third highest average. H1 and H9
had the lowest rankings at an average of 6.07 and 6.10 respectively, though H1 was more
strongly disliked by certain participants than H9, since H9 received only 7 counts under a
rank of ‘4’ in comparison to 14 counts for H1. Overall, OL averages and comparative
individualized rankings identified H1 and H3 as less desirable popcorn varieties
compared to CL1, and QPP hybrids H4 and H8 as insignificantly different to CL1 and
frequently ranked within in the 7-10 range (Figure 2).
3.2 High correlations found between ‘overall likability’ and taste and texture
ranking
Spearman’s correlation coefficients were calculated between numerically ranked
variables and all ten correlations were significant (Figure 3). OL and Taste held the
highest correlation coefficient at 0.777, followed by OL and Texture at 0.656. Taste and
Texture were moderately correlated (0.562), as well as Smell and OL (0.51). Appearance
held a weak association to OL (0.397), Texture (0.42), Taste (0.359), and Smell (0.391).
These correlations displayed the high influence quality traits Taste and Texture imposed
on participant decision for OL ranking, followed by Smell and lastly the weakly
influential trait, Appearance (Figure 3).
3.3 Conventional popcorn appearance ranked highest compared to QPP hybrids
Analysis of Variance on appearance ranking held the treatment effect (variety) as
significant. Tukey’s HSD revealed conventional popcorn variety CL1 held a
significantly higher rank compared to all QPP hybrids, and conventional popcorn variety
CL2 was significantly higher than H3. Multiple comments positively related CL1 and
CL2 yellow flakes with a buttery appearance despite the lack of additives and
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complimented the relatively larger popped flakes compared to the QPP hybrids (Figure
5). H4 was the highest ranking QPP in appearance, averaging a 5.04 rank compared to
CL1’s 5.40 mean rating (out of 6) (Figure 4). H9 held the lowest average score of 4.83
with a standard deviation of 1.11. Comparing the OL preference to appearance ranking,
CL1 maintained the highest ranking in both categories, while CL2 dropped to fourth
preference in OL compared to second in appearance (Figure 2 and Figure 4). H4
maintained the third highest appearance ranking, similar to its overall secondary OL
ranking. H8 noticeably had a very low appearance ranking, sixth out of the eight
varieties, compared to its third preference in OL. H6, the least preferred overall to
participants, was the fourth most appealing popcorn in appearance. Compared to all
other traits, appearance held the highest average across popcorn cultivars (5.00 out of 6)
and held a very small range of 0.57. Especially given the small range of values available
from appearance scores, it was of no surprise that the orders of preference were dissimilar
between appearance and OL rankings and that the relationship between these two traits
held the lowest correlation coefficient. These results suggested that other sensory traits
exerted greater influences on a participant’s overall likability of the popcorn.
3.4 Ranking of popcorn aroma suggests desirability of minimal scent and aversion
to a ‘burnt’ aroma
Like appearance, participants were asked to rank each popcorn’s aroma using a
desirability scale of 1-6. Analysis of variance identified the variety effect as significant,
with Tukey’s HSD comparisons between CL1 and H3, H4, and H9, and CL2 and H9, as
significant. H9 had a considerably lower aroma rank compared with all other popcorn
cultivars, holding an average rank of 3.88 out of 6 (Figure 6). Overall, the average aroma
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ranking was 4.28 with a range of 3.88-4.58, which is lower and more broad compared to
appearance ratings. Like appearance, CL1 and CL2 ranked first and second above all
QPP hybrids and H9 ranked last. However, almost opposite to appearance ratings, H8
was third highest and H4 was second to last in aroma ratings (Figure 6). No specific
comments were mentioned concerning H8’s aroma, however participants noted H4
having little to no aroma. H4’s considerably lower aroma ranking suggests that
participants desire a popcorn-like smell. However, multiple comments concerning CL1
and CL2 aroma also described no/minimal aroma detected. H9, the lowest ranked, had
some comments describing a burnt/smoky taste and smell. Overall, comparative aroma
rankings were similar to appearance for commercial lines CL1 and CL2, both ranking
highest compared to QPP, but within QPP lines, the order was substantially different
between aroma, appearance, and overall likability.
3.5 Taste rank and associated descriptors suggest ‘Nutty’ and ‘Sweet’ as consumer
preferences
Along with indicating a numeric rank of taste on a 1-6 scale, participants were asked to
circle 1-2 descriptors of taste from a word bank of six terms. Numeric ranking of taste
was significant at the treatment effect when the analysis of variance was tested, but
Tukey’s HSD only identified one comparison, H9 with CL1, as significant. Taste
averages ranged from 3.65-4.33, slightly lower than aroma rankings with approximately
the same range. Like appearance and smell, CL1 ranked highest at 4.33 out of 6. H4
ranked second in taste, akin to OL rank, followed by CL2 and H3. H1 and H9 were the
lowest ranking hybrids. Comparing OL scores with taste descriptors revealed multiple
relationships. The ‘Bland’ descriptor was most often used, followed by ‘Nutty’ and
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‘Sweet’ (Figure 7A). As OL scores increased from 1 to 5, the number of ‘Bland’ counts
increased to its peak and decreased to its lowest value at an OL score of 10 (Figure 7A).
The ‘Nutty’ descriptor was nonexistent in varieties scored ‘1’, and it slowly climbed with
increasing OL until it overtook ‘Bland’ at OL rank ‘7’ and continued to be the most
abundant descriptor for all high OL rankings (Figure 7A). More subtly, the ‘sweet’
descriptor was not used for any popcorn cultivar ranked under an OL of 4, and its count
slowly increased until rank ‘7’, after which the counts decreased at a slow rate. The
descriptor ‘Rancid’ was used for a few cultivars ranging in OL ranks from 1-6, but was
rarely used for hybrids ranked with an OL higher than 7. ‘Umami’ and ‘Pungent’
descriptors followed this trend to a lesser extent and were utilized by a few participants to
describe cultivars with an OL of 10. Overall, ‘Nutty’ and ‘Sweet’ descriptors displayed
trends suggesting they were the most appealing taste terms, ‘Bland’ was average and
acceptable, and ‘Rancid’, ‘Umami’ (a savory, meaty flavor), and ‘Pungent’ were least
appealing (Figure 7A).
Counts of descriptors specific to cultivar revealed a high proportion of the ‘Sweet’ term
utilized to describe CL1, followed more distantly by H4, H8 and H9 (Figure 7B).
Notably, both commercial lines and H9 were very low in counts for the ‘Nutty’ taste
followed by H4. Hybrids H1, H3, H6, and H8 were particularly high for ‘Nutty’,
however H1 also had higher rankings for ‘Pungent’, and ‘Rancid’ which may explain its
overall low numeric taste ranking. H3 had the highest count for the selection of ‘Rancid’
and was also high in the ‘Umami’ flavor. However, H3 also had a very high ‘Nutty’
ranking which likely promoted its overall rank in taste to fourth. CL2 and H9 were
remarkably higher than the other hybrids with the ‘Bland’ classification, although H9
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also gained a relatively higher number of ‘Pungent’ and ‘Sweet’ marks (Figure 7B).
Since H9 was the lowest ranking cultivar in the numeric ranking, it is plausible that its
taste was vaguely unpleasant. Some participants negatively associated H9’s flavor with a
nutty, smoky, burnt, and meat-like taste, though a few participants indicated they enjoyed
H9’s specifically nutty flavor. Though ‘Nutty’ had the clearest trend as a positive
indicator of participant taste preference, the highest numeric rankings for taste in CL1
and H4 was driven by other factors since they ranked relatively lower in that category.
H4 held no noticeably high descriptors, though it ranked highest in ‘Pungent’, lowest in
‘Rancid’ and ‘Umami’, and moderately higher in ‘Sweet’. CL1’s high ‘Sweet’ rating
likely explained its enjoyability. Overall, CL1, H4, CL2, and H3 were the top
numerically ranked cultivars according to taste and were each described differently, as
‘Sweet’, ‘Pungent’, ‘Bland’, and ‘Nutty’, respectively (Figure 7A-B).
3.6 Hybrids with high texture ranking primarily associated with four texture
descriptors
No significant differences were found between hybrids for the numeric texture ranking,
and the values were in a narrow range from 4.27-4.62. CL1 held the highest average
ranking while CL2 held the lowest. Similar to the taste rankings, H4 had the second
highest texture ranking and H6 and H9 held lower ranks. Participants were also asked to
circle 1-2 descriptors of texture from a word bank of six terms, and descriptors ‘Airy’,
‘Crispy’, and ‘Adhesive’ were most commonly utilized. Comparing descriptor trends
with OL rankings, ‘Adhesive’ rankings trended similarly to the ‘Bland’ taste rankings by
increasing until an OL of 5 and then decreasing to a minimal number by an OL of 10
(Figure 8A). The ‘Airy’ descriptor was substantially the highest descriptor at an OL of 7,
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though it subtly dropped to similar counts with ‘Crispy’ and ‘Crunchy’ by an OL ranking
of 10. Both ‘Doughy’ and ‘Tender’ descriptors generally increased from an OL ranking
of 1 to 8, however both descriptors were negligibly used for any popcorn rated 9 or
above. Taken together, the ‘Airy’ descriptor seemed most utilized for popcorn cultivars
with above average and superior texture, while ‘Crispy’ and ‘Crunchy’ descriptors were
more specifically utilized for cultivars with highest OL. ‘Adhesive’ was a slightly
negative descriptor, and ‘Doughy’, and Tender’ supported a slight trend toward above
average hybrids but decreased in use as the OL rating increased (Figure 8A).
Comparing frequency of descriptor use per cultivar with texture numeric ranking, CL2,
H3, and H8 had the highest counts of ‘Adhesive’ texture, likely demoting CL2’s texture
ranking (Figure 8B). However, H8 had a substantially high number of ‘Crunchy’
descriptor marks, the probably causing its third highest texture ranking. CL1 held the
highest number of ‘Airy’ descriptions, while H4 held the highest number of ‘Crispy’
(Figure 8B). Taken together, these descriptions clearly depict the overall texture ranking
of CL1, H4, and H8 as superior with ‘Airy’, ‘Crispy’, and ‘Crunchy’ textures
respectively, and CL2 was deemed inferior due to its relatively higher counts of
‘Adhesive’ texture.
3.7 Cumulative evaluation of sensory data and comparison of conventional and QPP
popcorn hybrids
Overall, CL1 had the highest rankings in appearance, aroma, taste, texture, and overall
likability. The cumulative superiority of CL1 suggests it as the top popcorn variety
chosen by participants though CL1’s OL was only significantly higher than OL values for
H3 and H6. Hybrid 4 ranked directly below CL1 in taste, texture, and OL, giving
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credence to the significant, moderately high correlations identified between these two
traits and overall likability. CL2 ranked second in appearance and smell; however, a
severely low texture score and lesser taste rank pushed its OL ranking to fourth behind
H8. H8 appearance and taste were both lower than average, but its smell and texture
appealed participants enough for it to earn the third highest OL ranking. Hybrids H1, H3,
and H6 ranked relatively lower in all categories. Despite H3’s fourth ranking in texture,
taste, and smell, it dropped to sixth in OL. H6 ranked last in OL despite fourth, fifth, and
sixth (twice) rankings in appearance, smell, taste, and texture, respectively. Interestingly,
H9 ranked fifth, above H3, H1, and H6, in overall likability despite having the lowest
rank for appearance, smell, and taste, and second lowest rank in texture.
Without informing participants of Quality Protein Popcorn’s nutritional improvement of
increased lysine and tryptophan in the popped flake, all QPP hybrids ranked
insignificantly different than CL2 in OL and H1, H4, H8, and H9 were insignificantly
different than CL1 in Overall Likability. H4 ranked higher than CL2 in taste, while all
QPP hybrids ranked higher than CL2 in texture rankings.
4. Discussion
4.1 Intentional withholding of QPP nutritional characteristics
This taste-test was employed to identify consumer likability and preference of six Quality
Protein Popcorn hybrids compared to two currently marketed popcorn varieties supplied
by ConAgra Brands®. The breeding and selection of QPP inbred and hybrid lines
commenced at the University of Nebraska-Lincoln in 2013, and six optimal QPP hybrids
were selected in the fall of 2020. To separate a potential confounding factor of prior
familiarity and identification of QPP compared to commercialized varieties, the taste test
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was held at Colby Community College in Colby, Kansas and participants were asked to
rate six popcorn varieties based solely on sensory factors without prior knowledge of
QPP’s higher levels of essential amino acids lysine and tryptophan in the popped flake
compared to commercialized varieties (Parsons et al., 2020). This specific increase in
these two deficient amino acids in maize allows QPP to be considered a complete protein
source. Moreover, due to the novel inclusion of these amino acids to popcorn and the
proven health benefits of increased lysine and tryptophan intake, QPM popcorn may also
be considered a ‘Functional Food’, or a food with an inclusion of certain substances with
proven health benefits (Murphey et al., 2006; Ghosh et al., 2008; 2010; Ritze et al., 2013;
Tahergorabi et al., 2015; Payne et al., 2018). This innovative product can also be
considered within the ‘superfood’ category, or a relatively more nutrient dense and
healthy product (Curll et al., 2016; MacGregor et al., 2018; Meyerding et al., 2018).
Furthermore, unlike dent maize and due to consumer preferences, breeders have refrained
from genetically modifying popcorn germplasm, and QPP was conventionally bred
through crossing and genetic selection (Fernandez-Cornejo et al., 2014; Jones et al.,
2015; Ren et al., 2018, Barnes, 2019). Thus, QPP and marketed popcorn remains under
the ‘non-GMO’ label (Parsons et al., 2020). QPP, like conventional popcorn, is ideal for
production under organic conditions.
Collectively, the above specialty food niches have experienced individual increases in
consumer demand over the past decade. Previous studies have shown that consumers
have a growing, positive attitude towards ‘superfoods’ and ‘Functional Foods’, are
increasing in awareness and willingness to adjust their eating habits toward a more
health-oriented diet. Furthermore, they are willing to pay more for both ‘Functional
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Foods’ and organically grown products (Niva and Mäkelä, 2007; Siró et al., 2008; Traill
et al., 2008; Chen, 2011; Falguera et al., 2012; Annunziata and Vecchio, 2013; Weitkamp
& Eidsvaag, 2014; Curll et al., 2016; MacGregor et al., 2018; Meyerding et al., 2018;
Graeff-Hönninger & Khajehei, 2019; Kuesten and Hu, 2020). Unsurprisingly, sales in
these categories has significantly increased over the past decade, with the U.S. having the
largest consumer base and interest in the world for these products, outpacing the growth
of the overall U.S. food and beverage market (Siró et al, 2008; Kapsak et al., 2011;
Hartmann, 2020).
Though interest and sales in specialty products have clearly increased, studies have
shown that consumer acceptance and consumption of them are not unconditional.
Findings have observed consumers are more receptive toward innovations in traditional
food products that strengthen the product’s original, raw, or traditional character (i.e. a
guarantee of raw material, ‘all-natural’, or ‘non-GMO’), or reduce a traditionally negative
side-effect with the product (i.e. a reduction of fat, calorie, or salt content) (Vanhonacker
et al., 2013). Moreover, studies have also found that consumers are not willing to pay for
these labels without certain satisfactory food characteristics, the most important of which
is taste (Annunziata and Vecchio, 2013). One of the fastest growing niches in the
specialty food sector is ‘increased protein content’ in products by supplementation or
alternative sources (Banovic et al., 2018). To test consumer interest, acceptability, and
appeal of added protein supplementation in protein beverages, Oltman et al. studied
consumer reaction toward certain label claims, protein types, amount of protein and
carbohydrates added, and sweeteners. They found that despite advertising larger protein
supplementation, consumers preferred a lesser protein, more appealing tasting beverage
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(Oltman et al., 2015). Similarly, a study in 2020 testing consumer acceptability of
seaweed incorporated into wheat bread found very low acceptability of this blend due to
its dry, dense, and seaweed-tasting flavor (Lamont and McSweeney, 2020).
While current markets for novel, plant-based protein sources are widening and becoming
more acceptable and desirous for US consumers, sensory appeal, brand, price,
convenience, and trustworthiness of health claims have all shown to be important factors
that influence ultimate purchase and consumption of these new products (Siró et al.,
2008; Kuesten and Hu, 2020). Therefore, to better gauge consumer opinion solely on
QPP’s sensory appeal, QPP was tested against two currently marketed varieties without
participant knowledge of higher quality protein content or potential health benefits.
Given results from previous consumer acceptance studies and this taste-testing, it is
reasonable to conclude that certain QPP hybrids are not significantly different in sensory
appeal than current popcorn varieties. Given prior knowledge of QPP’s superior
nutritional profile relative to commercialized lines, participants may have had an even
higher inclination toward QPP than conventional varieties if they were informed of
QPP’s protein quality using creative marketing tools.
4.2 Sensory effects of dent maize introgression into QPP
The main purpose of dent maize introgression into popcorn germplasm for this breeding
program was to achieve higher levels of protein-bound and free lysine and tryptophan in
the kernel and popped flake of QPP cultivars (Ren et al., 2018; Parsons et al., 2020).
Quality Protein Maize dent germplasm carrying the opaque-2 allele was utilized in the
initial crossing and the opaque-2 allele was selected throughout breeding using markerassisted selection. Unknown dent modifier genes were also selected phenotypically to
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restore maize endosperm vitreousness, an absolute requirement for popcorn popping.
Due to this introgression and selection of a suite of dent loci during the production of
QPP, it is of no surprise that certain popcorn-like characteristics appeared inferior in QPP
compared to ConAgra® controls (Ren et al, 2018; Parsons et al., 2019). The most
obvious difference between QPP and controls was appearance. CL1 held the only
significant advantage in the ‘Appearance’ trait compared to all QPP popcorn cultivars
likely due to larger expansion volume of the popped kernel and the appearance of yellow
flakes (Figure 5). Previous studies have shown that yellow popcorn is more desirable
than white popcorn in both color and aroma (Eldredge and Thomas, 1959; Park and
Maga, 2000). However, studies have also suggested that dent introgression into popcorn
enhances more influential sensory traits such as taste and texture despite lowering certain
popcorn traits such as popability and expansion volume (Crumbaker et al., 1949; Johnson
and Eldredge, 1953; Robbins and Ashman, 1984; Parsons et al., 2020). All of these
findings agreed well with the current results ranking both CL1 and CL2 higher than white
QPP in both appearance and smell, certain QPP ranking higher than CL2 in taste, all QPP
ranking higher than CL2 in texture, and two QPP – H4 and H8 – ranking higher than CL2
in Overall Likability (OL).
The increase in lysine accumulation in QPP popped flakes adds an additional aspect to
possibly enhancing the flavor profile. The Maillard Reaction is a well-known reaction
that induces browning, enhances flavor and aroma, and can produce antioxidative
compounds in heated foods (van Boekel et al., 2006). This reaction is nonenzymatic,
initiates between a carbonyl compound and an amine under heated conditions, and ends
with a diverse array of products dependent on starting materials and conditions (Nursten
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et al., 2005; Parker, 2016). The innate process of popping popcorn, whether by oil, air, or
microwave, inevitably offers adequate conditions for the Maillard Reaction to occur
(Byrd and Perona, 2005; Bocharova et al., 2017). Studies have shown that lysine and
arginine are the most effective amines in initiating the Maillard Reaction, and lysine,
tryptophan, and histidine are most effective in pushing the reaction forward with xylose
to produce antioxidants (Parker, 2016). In fact, a 2013 study specifically biofortified
biscuits with lysine and found that the glucose-lysine reaction produced high amounts of
antioxidants through the Maillard reaction (Virág et al., 2013). Along with enhancing the
rate of the Maillard reaction and pushing the reaction forward toward antioxidant
products, lysine has also been found to produce high amounts of flavor compounds
pyrazines and pyrroles (Hwang et al, 1994; 1995a; 1995b). One recent study analyzing
low-molecular weight pigments produced by the Maillard reaction identified an upsurge
of a certain cysteine-glucose initiated compound after the addition of lysine. Further
characterization identified this compound as pyrrolothiazolate, an antioxidative pigment
found in soy sauce and miso (Noda et al., 2015; 2016; Murata, 2020). Previous proteinbound amino acid analysis of QPP hybrids identified H1 as holding high abundance of
lysine, and therefore it is interesting that taste-testing participants generally commented
about the hybrid’s burnt, odd taste. In fact, one participant specifically wrote that the
hybrid tasted like ‘miso soup’. Other studies have found that the addition of lysine to
certain processed or cured meats, such as sausage, salted meat, and Jinhua ham, enhanced
the unique flavor profiles of the respective products (dos Santos Alves et al, 2017; Zhu et
al., 2017; Vidal et al., 2020). Overall, increases in lysine and tryptophan due to the
introgression of the opaque-2 allele in QPP likely played a role in producing unique
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flavor profiles through the Maillard reaction. Reviewing commonly used taste
descriptors, all QPP except H9 held more ‘Nutty’ descriptors than the commercialized
lines. Interestingly, both CL1 and CL2 held higher marks in ‘Umami’, a commonly
savory and meat-associated taste that was associated more with lower OL scores, in all
QPP except H3 and H6. However, all QPP except H8 held higher ‘Pungent’ marks, and
all QPP but H4 and H9 had more ‘Rancid’ counts than the control varieties. The higher
‘Umami’ marks for the control lines may be due to the fact that the more sharp
descriptors ‘Pungent’ and ‘Rancid’ were utilized instead for H1, H4, H8, and H9 to
describe QPP’s more potent taste.
4.3 Conclusions: QPP potential for commercialization based on sensory evaluation
Overall, this analysis identified main sensatory contrasts and themes between QPP and
conventional commercial cultivars. Broadly, QPP had more distinct flavor profiles and
adequate to superior texture. Participants indicated that ‘Nutty’ and ‘Sweet’ descriptors
were most positive for taste, and ‘Crunchy’, ‘Airy’, and ‘Crispy’ were all positive
descriptors for texture. Out of the two commercialized lines, CL1 performed superior to
CL2 in all rankings, almost all QPP performed insignificantly different to CL2 in all
categories, and CL1 only performed significantly better than H3 and H6 in Overall
Likability. Participants indicated that the appearance of CL1 and CL2 was superior to
QPP varieties, though this trait was least influential to participant’s OL decision. Only
one significant difference was identified in taste, the highest correlated trait to OL,
between H9 and CL1.
Due to its unique germplasm and proteome, QPP can be considered a ‘Functional’, allnatural, higher quality protein, non-GMO superfood that will very likely be organically
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grown. Commercialized popcorn already fits well into the niches of the growing healthaware U.S. market and popcorn products, specifically within the Ready-To-Eat (RTE)
sector, have already experienced increases in sales over the past decade (Dawande, 2018,
Mordor Intelligence, 2018). Due to QPP’s suitability for the RTE market in which
packets are inflated with nitrogen gas to prevent damage and preserve the product, its
nutritional, texture and taste improvements may outweigh the slight reduction in
expansion volume compared to commercialized lines sold by weight to retailers (i.e.
movie theaters) and by volume to consumers. With participants blind to QPP’s higher
lysine and tryptophan content and the potential health benefits associated with quality
protein, the stand-alone, satisfactory and in some cases improved sensory results of this
study indicate that Quality Protein Popcorn varieties, especially H4 and H8, have a
promising future in commercialization and marketability.
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Evaluation Form: VARIETY X
Preface: Popcorn samples include no additives (salt, butter, oil, etc.) and have
been air-popped.
Please relatively rank all samples.

L

Please circle the appropriate ranking

K

J

Appearance: How appealing does this
popcorn look?

1

2

3

4

5

6

Smell: How appealing is this popcorn’s
aroma?

1

2

3

4

5

6

Taste: How appealing is this popcorn’s
taste?

1

2

3

4

5

6

Taste: What are the best descriptors of
this popcorn’s taste? Please circle 1-2
descriptors* or add in specific
comments below!
Texture: How appealing is this
popcorn’s texture?
Texture: What are the best descriptors
of this popcorn’s texture? Please circle
1-2 descriptors* or add in specific
comments below!
Overall Likability: How enjoyable is
this popcorn, overall?

Nutty Pungent Rancid
Sweet Umami Bland

1

2

3

4

5

6

Airy Adhesive Crispy
Crunchy Doughy Tender
1

2

3

4

5

6

7

8

9

10

General Comments (optional)

*Definitions for terminology (reminder - taste and texture are solely derived from the essential product without additives):

Airy: a light pillow-like texture
Adhesive: description for foods that stick
to tongue, teeth, or upper-palate, gum-like texture
Bland: of little taste or flavor
Crispy: a light texture with a slight crunch
Crunchy: a firm texture associated with the
sharp, audible noise of being chewed
Doughy: a soft and heavy texture
Nutty: a flavor reminiscent of nuts

Pungent: a sharp and strong taste
Rancid: a stale and unpleasant aroma or flavor
Sweet: a pleasing taste that exhibits sugar
characteristics
Tender: soft texture that is easy to break down
Umami: a savory flavor in meats and broths

Figure 1 | Taste-Testing Evaluation Form. Each participant was given six pages with the
‘X’ replaced with the number 1-6, respectively.
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Figure 2 | Average and Individual Overall Likability scores per Variety. Participants
offered an overall likability (OL) score for each popcorn variety sampled. OL scores 110 (1 as worst, 10 as best) were utilized for all varieties in different frequencies, except
H8 did not receive an OL rank of ‘1’.
Top left inset graph: Range, median, and mean of OL scores for each variety. Black
diamond within box-and-whiskers plots represents mean, horizontal line within box
represents median, and vertical extent of black line represents range.
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Figure 3 | Spearman’s Correlations between Sensory Traits and Overall Likability.
Numeric ranking values for Appearance (1-6), Smell (1-6), Taste (1-6), Texture (1-6),
and Overall Likability (1-10) were tested for significant correlations. All ten correlations
were found to be significant with ⍺ ≤ 0.05.
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Figure 4 | Average Appearance Ranking of Individual Cultivars. Ranking was based on
a scale of 1-6, with 1 being least ideal and 6 being most ideal. Significance differences
between values are indicated above each column.
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Figure 5. | Appearance of QPP and Commercial Varieties. Popped flakes held individual
differences that participants identified. Specifically, few participants positively
commented on the yellow appearance and larger flake size of the commercialized lines
(CL1 and CL2).
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Figure 6 | Average Aroma Ranking of Individual Cultivars. Ranking was based on a
scale of 1-6, with 1 being least ideal and 6 being most ideal. Significance differences
between values are indicated above each column.
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Figure 7 | Rank and Description of Taste. (A) Taste descriptors ‘Bland’, ‘Nutty’,
‘Pungent’, ‘Rancid’, ‘Sweet’, and ‘Umami’ were utilized in different frequencies when
categorized by Overall Likability (OL) scores. OL scores are specified above each
individual graph, starting at an OL score of ‘1’ (least likable) in the top left corner. ‘NA’
represents taste descriptors identified by a participant unaccompanied by an OL score.
(B) Frequency of taste descriptors associated with individual varieties across OL ranking.
‘Bland’ was most used, followed by ‘Nutty’ and ‘Sweet’. NA represents participant lack
of indicating taste descriptors.
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Figure 8. | Rank and Description of Texture. (A) Texture descriptors ‘Adhesive’, ‘Airy’,
‘Crispy’, ‘Crunchy’, ‘Doughy’, and ‘Tender’ were utilized in different frequencies for
different cultivars when categorized by Overall Likability (OL) scores. OL scores are
specified above each individual graph, starting at an OL score of ‘1’ (least likable) in the
top left corner. ‘NA’ represents texture descriptors identified by participants but
unaccompanied by an OL score. (B) Frequency of texture descriptors associated with
specific varieties. ‘Airy’ was most commonly used, followed by ‘Crispy’. NA represents
participant lack of indicating a description of texture.
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CHAPTER 5: SUMMARY AND CONCLUSIONS
1. Final Remarks
The increase in global popcorn sales over the past decade has given private industries the
opportunity to diversify product development and design strategies. The Ready-To-Eat
popcorn sector has particularly experienced a proliferation of innovative product
additives and coatings, marketing labeling, and new company competition as consumer
awareness for more healthy, ‘better for you’ food products has grown. To stay relevant
and competitive, ConAgra Brands® partnered with the University of Nebraska-Lincoln in
2012 to diversify their popcorn germplasm and bolster the protein quality of their
popcorn. Utilizing Quality Protein Maize (QPM) varieties as parental lines to cross to
elite proprietary popcorn lines enabled the homozygous introgression of the opaque-2
mutant allele. This mutant o2 allele, a transcription factor and key regulator for zein
protein formation in its wild-type state, allowed for the popcorn endosperm protein to
contain significantly higher amounts of lysine and tryptophan (essential amino acids
customarily deficient in maize) than original lines. After years of inbreeding and
selection, 12 Quality Protein Popcorn (QPP) inbred lines were developed in 2017 that had
higher amounts of lysine, were highly vitreous (conferred a glassy, hard endosperm), and
popped at varying levels.
These 12 QPP inbred lines were hybridized in a full diallel in the summer of 2018 and 44
hybrids were selected for further evaluation. In 2019, these 44 F1 hybrids were grown to
produce F2 seed, and agronomic traits from the F1 hybrid and seed traits from the F2 seed
were analyzed. Out of this analysis, five QPP crosses were selected as premier hybrids
fit for potential commercialization.
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Simultaneous to this crossing analysis, BC3F4 QPP inbred lines were derived in 2019
from the original BC2F5 QPP inbred lines cultivated in 2017. These BC3F4 lines were
highly vitreous, popped adequately, conferred higher amounts of lysine in the endosperm,
and were of the same pedigree as the BC2F5 inbred lines with the exception of one
additional backcross to the proprietary popcorn lines. After identification of the best five
BC2F5 QPP hybrids in 2019, the same hybrid crosses were made in the spring of 2020
with the BC3F4 inbred lines. These 10 hybrids were then grown alongside five ConAgra
Brands® cultivars for comparative agronomic, popcorn quality, and protein quality
analysis in the summer of 2020. Out of this analysis, six QPP hybrids, three BC2F5 and
three BC3F4 crosses, were chosen for human evaluation. In November of 2020, a blind
taste-test composed of 112 participants revealed that two particular QPP hybrids, termed
H4 and H8 for simplification, ranked within the two ConAgra Brands® commercial line
controls in overall likability.
The compilation of these results, from an agronomic comparison to human sensory trials,
offer credible evidence that QPP would be competitive in the global popcorn market.
Additionally, though the first and foremost objective of this study was to produce QPP
lines and primitively evaluate marketable competency, this rapid inbred and hybrid
breeding program serves as a blueprint for future successful popcorn by dent maize
crosses. Moreover, the analyses involved in the agronomic and popcorn quality trait
evaluations, namely the derived 2020 Ranking System, is publicly available and
transferable to both plant and animal breeding programs. Finally, the general analyses
required for producing QPP and assessing consumer approval, from the germplasm’s
initial production, inbred selection, hybridization, and hybrid selection to final varietal
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determination, served as a small holistic example of the diverse resources necessary for
successful product development and marketability potential.
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CHAPTER 6: APPENDIX
1. R Script for 2020 Ranking System
Note – This script excludes the square root of the summation. The ranking order does not change if the
sqrt is implemented but the final ranking values will. If desired, implement the square root function as:
2020FinalRank <- data.frame(IndexVariable = sqrt(2020FinalRank[,"IndexVariable"]) after the
summation of all index values.

#2020 Ranking System; Y=Number of Lines tested, Z=Number of Traits
library(dplyr);library(ggplot2)
Location = c(If applicable)
Hybrid = c(1:Y)
Maternal = c(List Maternal Lines if applicable)
Paternal = c(List Paternal Lines if applicable)
Pedigree = c(List catagorical variables as applicable)
Trait1 = c(Data1)
Trait2 = c(Data2)
Trait3 = c(Data3)
TraitX = c(DataX)
2020RankingSystem =
data.frame(Location,Hybrid,Maternal,Paternal,Pedigree,Trait1, Trait2, Trait3,
TraitX)
options(max.print=1000000)
2020RankingSystem$Location=factor(2020RankingSystem$Location)
2020RankingSystem$Hybrid=factor(2020RankingSystem$Hybrid)
2020RankingSystem$Maternal=factor(2020RankingSystem$Maternal)
2020RankingSystem$Paternal=factor(2020RankingSystem$Paternal)
2020RankingSystem$Pedigree=factor(2020RankingSystem$Pedigree)
2020RankingSystem
sumTrait1 = tapply(Trait1,Hybrid,mean, na.rm=TRUE)
sumTrait2 = tapply(Trait2,Hybrid,mean, na.rm=TRUE)
sumTrait3 = tapply(Trait3,Hybrid,mean,na.rm=TRUE)
sumTraitX = tapply(TraitX,Hybrid,mean,na.rm=TRUE)
sdGerm = tapply(Trait1,Hybrid,sd,na.rm=TRUE)
sdTrait2 = tapply(Trait2,Hybrid,sd, na.rm=TRUE)
sdTrait3 = tapply(Trait3,Hybrid,sd,na.rm=TRUE)
sdTraitX = tapply(TraitX,Hybrid,sd,na.rm=TRUE)
maxGerm = max(sumGerm)
maxTrait2 = max(sumTrait2)
maxTrait3 = max(sumTrait3)
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maxTraitX = max(sumTraitX)
maxsdGerm = max(sdGerm,na.rm = TRUE)
maxsdTrait2 = max(sdTrait2, na.rm=TRUE)
maxsdTrait3 = max(sdTrait3, na.rm=TRUE)
maxsdTraitX = max(sdTraitX, na.rm=TRUE)
IndexName = c("IndexTrait1","IndexTrait2","IndexTrait3","IndexTraitX")
IndexVariable = rep(IndexVariable,Y)
Hybrid2 = c(1:Y)
Hybrid2 = rep(Hybrid2,each=Z)
StackedChart = data.frame(Hybrid2,IndexVariable)
#Index Selection Intensities: Between 0-1. Numbers added for example, input as
needed.
SITrait1 = .8; SITrait2 = .1; SITrait3 = 0.5; SITrait4 = .9;
IndexTrait1 = ((((sumTrait1/maxTrait1)-1)^2)*(SITrait1*(sdTrait1/maxsdTrait1)))
IndexTrait2 = ((((sumTrait2/maxTrait2)-1)^2)*(SITrait2*(sdTrait2/maxsdTrait2)))
IndexTrait3 = ((((sumTrait3/maxTrait3)-1)^2)*(SITrait3*(sdTrait3/maxsdTrait3)))
IndexTraitX = ((((sumTraitX/maxTraitX)1)^2)*(SITraitX*(sdTraitX/maxsdTraitX)))
2020FinalRank1=data.frame(Hybrid2,IndexTrait1,IndexTrait2,IndexTrait3,Index
TraitX)
2020FinalRank <- data.frame(IndexVariable = c(2020FinalRank1[,"IndexTrait1"],
2020FinalRank1[,"IndexTrait2"]))
2020FinalRank <- data.frame(IndexVariable = c(2020FinalRank[,"IndexVariable"],
2020FinalRank1[,"IndexTrait3"]))
2020FinalRank <- data.frame(IndexVariable = c(2020FinalRank[,"IndexVariable"],
2020FinalRank1[,"IndexTraitX"]))
2020FinalRank
IndexName = c("IndexTrait1","IndexTrait2","IndexTrait3","IndexTraitX")
IndexName=rep(IndexName,each=Y)
Hybrid2 = c(1:Y)
Hybrid2=rep(Hybrid2,Z)
Hybrid2
DataframeFinal =
data.frame(Hybrid2,IndexName,IndexValue=2020FinalRank$IndexVariable)
DataframeFinal
DataframeFinal$Hybrid2=factor(DataframeFinal$Hybrid2)
DataframeFinal$IndexName=factor(DataframeFinal$IndexName)
Visual1= ggplot(data = DataframeFinal, aes(x = reorder(x=Hybrid2,IndexValue),
y = IndexValue, fill = IndexName)) +
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geom_bar(stat="identity")+theme_light()
Visual=Visual1+labs(color="Index Variable",x="___",y="Final Ranking",
fill="Trait") + scale_fill_discrete(labels = c("Trait1", "Trait2", "Trait3","TraitX"))
OrderedGraph= ggplot(data = DataframeFinal, aes(x =
reorder(x=Hybrid2,IndexValue), y = IndexValue, fill = IndexName)) +
geom_bar(stat="identity")
OrderedGraph
BlackWhiteOrderedGraph=OrderedGraph+labs(color="Index Variable",
x="_____", y="Final Ranking") + scale_fill_manual(values = c('IndexTrait1' =
'gray1', 'IndexTrait2' = 'gray100', 'IndexTrait3' = 'gray20', 'IndexTraitX'="gray80"))
BlackWhiteOrderedGraph

